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Section 7.3.2.1 was revised. 

11 Clmpter 8: Created a new. Section 8.1; which defines the symbols used in this chapter and 
rriodified the numbering of the other sections because of it. In Section 8.2.1.2 added an equation 
for determining the volume of retention required. .41so, added a new recommended uniform 
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uniform policy requirements on pages 8-4,8-6, 8-7; and 8-18. Added a new section dealing with 
sedin~entation right before Section 8.2.1.3. In Section 8.2. I .8 added a recommended uniform 
policy requirement about dry wells. The recommended uniform policy requirements on pages 
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12. Chrrpt~r 9: Revisions to this chapter were only to correct typo~raphical errors 

13. Glossary: Revisions to this chapter were only to correct typographical errors 

14. Index: A subject Index was added to make it easier to find mfor~nation in the manual 
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Introduction 

1.1 Purpose 

The objective of the Drainuge Design Manual for Maricopa County, Volunze II, 
Hydraulics, is to provide criteria and design guidance for storm drainage facilities in 
Maricopa County. There are two reasons to develop such a manual: 1) it provides a 
convenient source of technical information that is specifically tailored to the unique 
hydrologic, environmental, and social character of Maricopa County; and 2) it provides 
a consislent set of criteria that, when used by the local governing agencies and the land 
development community, will result in uniform drainage practices throughout the 
county. Use of Volume I1 of the Drainage Design Manirul for Muricopu County will 
result in improved hydraulic performance of drainage facilities, uniformity in design 
practices across jurisdictional boundaries, and reduction of conflict between the 
regulatory agencies and the land development con~munity. Recommended uniform 
policy requirements have been highlighted by using a ruled box, for example: 

This is how recommended uniform policy requirements will be highlighted in this 
manual. 

1.2 Background 

This manual was produced by a team of consultants under contract to the Flood Control 
District of Maricopa County. Beginning in 1987, the manual was developed through a 
highly interactive process involving work groups for each major topic. The work groups 
were composed of the engineering consultant, the Flood Control District, representatives 
of the various communities in Maricopa County, and representatives of home builders 
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and land developers. The work groups were chargcd with advising the consultant about 
applicability of technical criteria, special problcm areas to be addressed. and resolving 
conflict over potential differences in drainage standards between communities. 

1.3 Scope 

The Drainage Desigii Manual for Maricopa County, Volurne 11, Hydraulics, is divided 
into nine chapters that address the major subject areas of hydraulic design. The intent 
of this manual is to provide general design guidance for designs that are common to the 
Maricopa County environment. Complex designs requiring specific expertise are not 
included in this manual; however, where design exceeds the scope of this manual, the 
user is referred to docunlentation appropriate for that design. The following sections 
briefly summarize each of the chapters in the manual. 

1.3.1 Introduction 

Chpater 1 defines the purpose, background, and scope of the manual along with a brief 
summaly of each chapter. For the user's convenience and quick reference, all of the 
reconlnlended uniform policy requirements are listed in Chapter 1 aloLlg with the page 
number where they are located in the manual. 

Chapter 2 provides an overview of the hydrology criteria for drainage structures; the 
flood hydrology that is recommended for use in Maricopa County is contained in 
Volume 1 of the Draiiiage Desigtz Manual f i r  Maricopa County. That procedure 
provides for the use of the Rational Method for small, uniform watersheds, and for use 
of the U.S. Army Corps of Engineers' HEC-I Flood Hydrology Program for larger 
watersheds with diverse surface conditions. The procedure provides design rainfall 
criteria that have been developed specifically for Maricopa County, rainfall loss 
methods that are based on the best practical technology that is available for estimating 
surface retention losses and infiltration rates, and unit hydrograph procedures that have 
been selected and developed for the various land-uses in Maricopa County. 

1.3.3 Street Draina~e 

Chapter 3 provides design guidelines for the drainage of streets using curbs and storm 
drain inlets. An overall approach to stormwater management includes using the street 
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system to transport runoff to storm drain inlets: and for transporting runoff from storms 
that exceed the capacity of the storm drain system. Design criteria, design procedures, 
and design aids are provided for streets and gutters, intersections, and roadside ditches. 
Catch basins are discussed in regard to alternatives and suggested applicatiions, 
capacities, and design procedures. The procedures used in this chapter were primarily 
adapted from the Federal Highway Administration Hydraulic Engineering Circular 
No. 12 (HEC- 12), Drainage of Highway P a ~ e n ~ e n t s  (FHWA, 1984). 

1.3.4 Storin Drains 

Chapter 4 provides coverage of storm sewers. A comprehensive treatment of storm 
sewers is provided including use of design aids for catch basins, manholes. and various 
types of storm sewer junctions. 

1.3.5 Culverts and Bridges 

Chapter 5 provides coverage of the design information required for the design of 
culverts. This includes the necessary design aids, guidance for treatment of culvert inlets 
and outlets, and scour protection at the culvert outlet. Use of example problems helps 
to illustrate the procedures to he used for most practical applications. The charts and 
procedures for culvert design used in this chapter were taken from the Federal Highway 
Administration Hydraulic Design Series No. 5 (I-IDS-5): Hydraulic Design. of Highway 
Culverts (FHWA, 1985). Some brief guidlines are presented to follow when using 
inverted siphons. The design of bridges requires special training and experience in 
regard to hydraulic analyses, design of flow training works, and estimates of pier and 
abutment scour. Therefore, only an overview of the hydraulic analyses for bridge 
openings is presented. There is also a general discussion on scour. 

1.3.6 Open Channels 

Chapter 6 is devoted to the analysis and treatment of both natural and artificial channels. 
The scope of this chapter covers the more commonly encountered open channel design 
applications by designers who do not possess special design skills in open channel 
hydraulics. Applications involving rivers and large washes or channels, which are 
considered as non-rigid, require special design skills, and the design of these channels 
should not be attempted with the design techniques contained in this chapter. The 
simplified design procedure presented provides an appropriate level of analysis for most 
design problems that will be encountered for artificial channels. The simplified design 
procedure assumes a rigid channel, and is valid for both subcritical and supercritical 
flows. Channel linings of concrete, soil cement, riprap, wire enclosed rock (gabion). and 
grass are discussed in the manual. The analysis of natural chanilels is discussed in 
broader terms than is the treatment of artificial channels. Although the basic theory is 
the same for both channel types, more complex flow conditions (nonuniform and 
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unsteady flow) and concepts of sediment transport often need to be incorporated in the 
analysis of natural channels. 

The hydraulic structures that are described in Chapter 7 are used to control or alter the 
flow characteristics, such as velocity, depth, energy, and other hydraulic characteristics, 
and to affect a change in the configuration of an.open-channe1;such as-channelslope. 
The purpose of such structures is to achieve a safer, more stable, and improved 
maintainability of conveyance systems. Channel drop struclures are amajor topic of this 
chapter and guidance is provided for the design of baffle chute drops, vertical hard basin 
drops, vertical riprap basin drops, sloping concrete drops, and low flow check structures. 
Information is provided for the dissipation of energy at conduit outlet structures with 
emphasis on riprap protection for outlets with moderate flow conditions and concrete 
structures for more severe conditions. Guidance is provided for the design of channel 
transitions: supercritical flow chutes, and bends in supercritical flow. The manual 
provides instruction in the theory and use of the hydraulic jump as a means of energy 
dissipation. The design of various, appropriate hydraulic jump energy dissipators is 
included. 

1.3.8 Detention and Retention 

Chapter 8 presents the engineering methodologies and details associated with the 
planning, analysis, and design of detention and retention facilities. Detention and 
retention basins are man-made storage facilities that are intended to mitigate the effects 
of urbanization on stolm drainage. They serve to reduce peak discharges and can also 
reduce the volume of storm runoff downstream of the basin under certain conditions. 
Since detention and retention basins often require a considerable commitment of land 
resources by the community or land developer, particular emphasis is placed on 
planning basins that are amenities, and, where possible, incorporate multiple-use 
concepts. National storm water quality standards are being promulgated and criteria for 
use of detention and retention basins that will not jeopardize the quality of surface water 
and ground water resources are presented. Safety concerns of such facilities are detailed 
along with the means to enhance safety. The theory and procedure for pel-forming 
routing of an inflow flood through such facilities is provided along with a detailed 
example of the calculations. 

1.3.9 Pump Stations 

The criteria for use of pump stations in Maricopa County are provided in Chapter 9, 
however, the intent is to provide only an overview of the conditions that should be 
considered in the design of stormwater pumping facilities. Stormwater pump stations 
are used where gravity discharge is infeasible, such as depressed highway intersections. 

- 
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or for the co~ltrolled rclease of  outIiow, such as Srcxn a detention or retention facilily. 
Reference to another ;.eadily available documemt for the rigorous design of stormwater 
pump stations is also provided. 

1.4 Recommended Uniform Policy Requirements 

The following table provides a brief overview of the recommended uniform policy 
requirements contained in this manual, along with the page i~umbers for your reference. 

Recommended Uniform Policy Requirements Page 

A widely-accepted software piograrn may be used in lieu of the des~gn N/A 
procedures in t h ~ s  manual. However, pnor approxal from the 
governing agency 1s requ~red 

All hydraulic structures are to be constructed according to the N/A 
Urliform Standard Specifications for Public Works (Maricopa 
Association of Governments, latest revision). 

The determination of flood hydrology for dcsigning stormwater 2-1 
, . facilities in Maricopa County is to be performed according to the 

procedures set Iorth in the Drainage Design Marzual for Maricopa 
Cour~.ty, Volrrme I, Hydrology (hereinafter referred to as (be Hydrology 
Marzrral). Deviations from the procedures in the Hydrology Marirral 
require prior approval from the jurisdictional agency andlor the Flood 
Control District of Maricopa County before proceeding \vith the 
deternunation of design hydrology. 

According to the Uniforrrr. Drainage Policies ar1.d Strrrldards for 2-2 
Maricopa Coimty, Arizarzu (25 Febmaly 1987). all development shall 
make provisions to retain the peak flow and volume of runoff from 
rainfall events up to and including the 100-year, ?-hour duration storm 
falling within [he boundaries of the proposed development. The 
criteria to be applied to the 2-hour slorm is provided in the Hydrology 
Marzrral. Table 2.1 outlines the nuniinum hydrology design criteria for 
drainage features. 

Table 2.1 : Hydrology Design Criteria 2-3 
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411 drainageway entrance and exit points in the proposed development 2-4 
must remain in the original location and-as near as possible-ln the 
original condition. 

Table 3.1: Design Storm Frequencies for Street Drainage 3-3 

An n value of 0.015 or 0.016 shall be used for street flow unless 3-6 
special conditions exist. 

The allowable carrying capacity for gutters approaching an 3-1 1 
intersection shall be calculated by applying the reduction factor found 
in Figure 3.4 to the theoretical capacity. The grade used to determine 
the reduction factor shall be the same effective grade used to calculate 
the theoretical capacity. 

The reduction factors contained in Table 3.2 shall be applied to the 3-26 
theoretical catch basin capacity from the curves to obtain the 
interception capacity used for design. 

All materials used for a storm drain system must be approved by the 4-4 
governing municipality prior to use. 

Storm drain systems shall be designed so that the hydraulic grade line 4-4 
is at least 6 inches below the inlet elevation. 

Culverts for collector and arterial streets are to be designed to convey 5-3 
at least the 50-year peak discharge with no flow crossing over the 
roadway. 

Culverts for collector and arterial streets are to be designed to convey, 5-4 
at least, the 50-year peak discharge with no flow crossing over the 
roadway. Additionally, the flow depth over the roadway shall be 
limited to 0.5 feet for the 100-year peak discharge. 

Possible aggradalion or degradation at culvert crossings must be 5-4 
examined in the design of culverts. 
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Introduction 

Recommended Uniform Policy Requirements Page 

When any of the following conditions are met, trash racks will be 5-14 
required on the entrances to all conduits in areas of Class A or B 
hazard as determined from l'able 5.2 

When a conduit outfalls into a channel with side slopes steeper 
than 4(H):l(V) for concrete, grass and earth linings, and 
3(H): l[Vj for riprap linings. 

Conduits smaller than 7 feet in diameter, longer than 100 feet 
in length, or without 12-inches of freeboard at the design flow 
rate. 

1) Conduits with energy dissipators at the end. 

Conduits being used as outlets from multiple-use detention 
facilities. 

Conduits with sufficient bend that the opposite end cannot be 
clearly seen. 

A plugging factor of 50 percent will be used on all trash racks. 5- 14 

Conditions that will cause trash racks to be used on both inlets and 5-14 
outlets include: 

1. Storm sewers: and 

2. Inlets of pipes smaller than 7 feet in diameter that flow into 
recreation areas that are not designed for pedestrian use. 

When there is a potential for inlet uplift failure or inlet damage from 5-17 
other sources, concrete headwalls are required on culvert ~nstallations 
unless it can be hhown that these dangers do not exist. 

Projecting culvert outlets are not permittcd unless approved by the 5-18 
appropriate governing agency. 

A new or replacement bridge will not be permitted to create a rise in 5-80 
the existing water surface elevation. to cause an increase in lateral 
extent of the floodplain, or to otherwise worsen existing flood 
conditions. 
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If there is a good possibility of debris collecting on the piers, it may 5-8 1 
be advisable to use a value greater than the pier width to account for 
debris blockage. However, modeling of debris blockage should be 
reviewed with the jurisdictional agency. 

Bridges should be designed to have a minimum freeboard of two feet 5-8 1 
for the 100-year event. The structural design of the bridge should take 
into account the possibility of debris andlor flows impacting the 
bridge. 

For the special condition of supercritical flow within a lined channel. 5-8 1 
the bridge structure should not affect the flow at all. That is, there 
should be no projections, piers. etc. in the channel area. The bridge 
opening should be clear and permit the flow to pass unimpeded and 
unchanged in cross section. 

If the proposed project will impact Waters of the 1J.S.: the designer 6-2 
shall take into account requirements of the Clean Water Act (CWA), 
Section 404. 

Design velocities for all linings should not fall below 2 fps to 6-10 
minimi~e sediment depositional problems. 

Table 6 2: Roadside Channels with Uniform Stand of Various Grass 6-12 
Cover ;uld Well Maintained 

Except as subsequently provided, fencing will be required for all new 6-13 
concrete, shotcrete. and soil cement lined channels with side-slopes 
steeper th;m 1: 1 that meet a Class A hazard as defined in Table 5.2 
(page 5-13). Subcritical channels lined with concrete. shotcrete. and 
so11 cement llned channels having depths and bottom widths less than 
3 feet and 5 feet, respectively, will not require fencing. Fencing may 
be required by individual entities regardless of the conditions listed in 
this manual 

Due to erosion and scour of erodible channels and safety concerns 6-17 
with excessively high velocities. the recommended upper Limit of F, 
is 2.0. 

The Froude Number limit for all types of channel linings is F, < 0.86. 6-17 
For concrete, shotcrete. and mortar lined channels, the additional 
range of 1.13 5 F, 2.0 is allowed. So that flow will be stable F, 
should not fall between 0.86 and 1.13. 
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l i~lless special exception is made by the governing agency, all 6-18 
artificial channels must begin and end where, historically, runoff has 
flowed. 

- 

For channels with Froude Numbers less than 0.86, the ratio of the 6-20 
channel radius, rr, [at the centerline) to the design width of the water 
surface shall be greater than 3.0. 

Required freeboard is computed according to the following formula: 6-2 1 

The minimum freeboard value for rigid channels shall be 1 foot for 
subcritical and 2 feet for supercritical flows. Using a smaller 
freeboard in specific cases requires prior approval of the governing 
agency. 

According to ARS 48-3609.A, during the course of the Master 6-26 
Planning process, the 100-year runoff will be used to delineate a 
floodplain for major channels with discharges of morc than 500 cfs 
and will be processed through the local government, ADIVR. and 

i 
FEMA. 

E~lcroachments into the floodplain of a natural water course are to be 6-26 
analyzed according to the FEMA requirements. 

At no time should an encroachment adversely affect the stability of 6-26 
3 water course or adversely alter flooding conditions on adjacent 
properiies. When encroachment is proposed within the floodplain of 
a major watercourse, the regulating entity may, at its discretion, 
rcquest that a detailed study be performed to determine if a reduction 
in overbank flood storage will significantly affect downstream flood 
pe&s. 

All concrete lincd channels must have continuous reinforcement 6-35 
extending both longitudinally and laterally. For channels carrying 
supercritical flow, there shall be no reduction in cross sectional area 
at bridges or culverts, or any obstructions in the flow path. 

The minimum thickness of riprap linings shall be ihe greater of 1.0 6-45 . . - - 
times D,,, or 1.5 times D,,. 
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Due to a high failure rate and excessive maintenance costs. drop 7-8 
structures having loose riprap on a sloping face are not permitted. 

Analysis should be conducted for a range of flows, since flow 7-14 
characteristics at the drop can vary with discharge. For example, the 
10-year flow may cascade down the face of a sloping drop and form 
a jump downstream of the toe, whereas the 100-year flow may totally 
submerge the drop. 

The maximum vertical drop height from crest to basin for a vertical 7-38 
hard basin drop is limited to 3 feet for safety considerations. 

Maxlmu~n drop depth for a vertical riprap basin is limited to 3 feet 7-42 
due to safety considerations and the practicality of obtaining large 
basin riprap for higher drops. 

Designs for hydraulic structures must address the issue of safety. 7-70 
First, signage must be provided to identify the potential hazard of 
flooding or dangerous ilow measures to the public. Second: 
appropriate measures must be designed to keep the public away from 
hazardous locations. For example, vertical drop structures should not 
exceed 3 feet in height, and adequate fencing or railings must be 
provided along all other wallsl such as wing walls or training walls. 

Open channels are recommended in lieu of pipes for conveyance of 7-7 1 
low flows through the drop structure area. Pipes may plug or 
frequently overtop, leading to additional maintenance problems. 
Pipes should be no smaller than 24 inches in diameter. 
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The requirement fcr a development to provide storage of excess runoff 8-3 
by delention or retenlion facilities shall not be waived unless 
determined otherwise by the jurisdktional asency on a case by case 
. . 
bilS1S. 

in ge,neral, storage facilities are to be located so they can intercept the 
tlow from the entire development area. If portions of the area cannot 
drain to a single st.orage facility. then additional facilities may he 
added to provide control of those areas as approved by the appropriate 
jurisdictional agency. The objective is to provide storage of excess 
runoff with a minimum number of detentionlretention facilities 
located at optimum points within a development area. Whenever 
possible, the facilities shall be designed for multiple uses, such as 
parks or other recreational facilities, to offset the cost of open space 
and to encourage improved maintenance. 

Residential developments shall have no single lot storage and the 
design of common facilities shall not assume any individual lot on- 
site storage, unless approved by the jurisdictional agency. 
Developments with Homeowner's Associations shall locate their 
facilities in private drainage tracts or public sites dedicated by the 
developer, in accordance with requirements determined by the 
jurisdictional agency. The Homeowner's Association will maintain the 
private facilities, and the jurisdictional agency will usually maintain 
:he public tracts. Conlmon storage facilities from single family 
developments without a Homeowner's Association and with public 
streets shall havc maintenance provisions determined by the 
jurisdictional agency. The number and location of storage facilities 
within a development is to be approved by the jurisdictional agency. 
Dedication to the public may require the inclusion of recreational 
facilities or other features deemed necessary by the jurisdictional 
agency. 

Single lot, non-residential developmeilts that are not served by a 
public storage facility shall provide the rcquired storage on the lot 
itself without depressing the right-of-way arca. - -- -- 
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All detentiodretention facilities incorporated within new 8-5 
developments shall be designed to retain the peak flow and volume of 
runoff from the 100-year, 2-hour duration storm event. In the special 
case of when a detention only facility is allowed, the requirement to 
retain the 100-year 2-hour runoff volume may be waived. However, 
the peak discharge requirement must still be met, and the effects of 
using a detention only facility on more frequent events must be 
determined. 

Off-site flows may not be routed through a retention facility unless 8-5 
specifically approved by the appropriate jurisdictional agency. 

Side Slopes: Where grass is intended to be established. side slopes 8-9 
shall not be sleeper than 4 horizontal to 1 vertical. Where other 
protection measures are intended. such as shrub planting, rock riprap 
or other structural measures, slopes shall not exceed 3 horizontal to 1 
vertical unle~s  approved by the appropriate jurisdictional agency. 
Where slopes abut the street right-of-way. the minimum slope shall be 
4 horizontal to 1 vertical regardless of surface treatment. Some 
jurisdictions may require a flatter slope. The designer should verify 
the slope requirement prior to commencing design. 

Depth and Bottom Configuration: Maximum ponding depth and 8-9 
freeboard requirements vary within Maricopa County and specific 
criteria for such must be verified by the designer with the appropriate 
jurisdictional agency. With respect to grading, deep facilities should 
be avoided, if possible. For facilities with a depth in excess of three 
feet deep, consideration should be given to the use of flatter side 
slopes or the provision of intermediate benches along side slopes. The 
bottom shall be designed to drain to a low flow channel for a 
detention facility. 

The design of all detentionhetention facilities shall be such that the 8-9 
stored runoff shall be discharged completely from the facility within 
36 hours after the runoff event has ended. 

The minimum allowable pipe size for primary outlet structures is 12- 8-12 
inches in diameter. 

Trash Racks: Trash racks shall be provided for pipe and orifice 8-12 
oullets. 

1-12 January 28,1996 



Introduction 

Recornmtlnded Uniform Policy Requirements Page 
- - -- - 

-411 d ~ y  wells musl be regi5tered w~th  the Arizona Department of 8-15 
Environmental Quality. 
- -- 

The pond edge ahall be designed to minimze safety hazards. Water 8-19 
depth should be limited to 1.5 to 2 feet within 8 feet of the shoreline. 

The use of rooftops as storage areas for runoff is not permitted in 8-20 
Maricopa County. 

Since the following methods often result in facilities near buildings, 8-20 
it should be emphasized that finished floor clcvations of structures 
shall be a minimum of one foot above the 100-year water surface of 
the detentionlretention facility. The finish floor elevation needs also 
to be above the emergency outfall of the basin. 

Refer to local jurisdictional standards on the percentage of the parking 8-21 
lot to be used as retention area and the allowable ponded depth. The 
maximum depth of ponded water within any parking lot location shall 
be one foot (1 ft). Deeper ponding should be confined to remote areas 
of parking lots, whenever possible. 

- 

The minimum longitudinal slope permitted within parking lot storage 8-21 
iacilities is 0.005 fttft, unless concrete valley gutters are provided. 
With concrete valley gutters, a minimum longitudinal slope of 0.002 
ftlft may be permitted. 

Signs should be provided at all designated entryways of 8-27 
detentionlretention facilities. They should also be provided at intervals 
(approximately 1N feet) around the perimeter of the facility to inform 
visitors who might gain access at other than designated entrances. 

In addit~on to entry and perimeter signs, signs should be installed 
within the facility. These signs should restate the potential flood 
hazard and should provide directions for appropriate routes out of the 
basill area should flooding occur. 

Extensive use of herbicides in basins where the primary or secondary 8-32 
purpose is groundwater recharre is not acceptable. 
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Numerous computer software programs (such as HEC-1) have been 8-40 
developed for flood routing through detentionfretention facilities. Use 
of a particular computer program should be approved by the 
appropriate jurisdictional agency prior to its application on a particular 
project. 
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The determination of flood hydrology for designing stormwater facilities in 
Maricopa County is to be, performed according to the. procedures set forth in the 
Drainage Design Manualfor Maricopa Coung, Volume I, Hydrology (hereinafter 
referred to as the Hydrology Manual). Deviations from the procedures in the 
Hydrolog! Mariual require prior approval from the jurisdictional agency andlor the 
Flood Control District of Maricopa County before proceeding with the 
determination of design hydrology. 

However, it is not the intent of the Hydrology Manual to inhibit sound, innovative 
analysis, or the utilization of superior technology, or the development of improved 
techniques. Therefore, the investigation, development, and use of the best practical 
technology for flood hydrology is strongly encouraged in all situations. 

The selection of the procedure to use to determine the design flood hydrology is 
dependent upon the intended application. For small urban watersheds (defined as less 
than 160 acres and having fairly uniform land use), the use of the Rational Method is 
acceptable. Use ofthis method will only produce peak discharges and it should not be 
used if runoff volume or a conlplete runoff hydrograph is needed, such as for the routing 
of flow through a detentionlretention facility. For larger, more complex watersheds or 
drainage networks, a rainfall-runoff model should be developed. The Hydrology Manual 
provides guidance in the development of such a model and the estimation of the necess 
ary input parameters to the model. 

Although not necessarily required, the use of the U.S. Army Corps of Engineers' HEC-1 
Flood Hydrology Program facilitates the use of the procedures that are contained in the 
Hydrology Manual, which was written to supplement the I3EC-I Use,.'s Manual. 

All of the hydrology that is required for the design of stormwater drainage facilities that 
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are normally encountered can be performed by using the HEC-1 program; this includes 
the routing of flood hydrographs through detentionlretention structures. The design and 
performance of pump stations cannot normally be satisfactorily performed using the 
simplified procedures that are incorporated in the HEC-1 program. Although the inflow 
hydrograph to a pump station can be adequately developed with HEC-1, the 
performance and design of pump stations will often require the use of specialized 
programs. 

2.2 Criteria 

The Hydrology Manual is to be used Lo develop the design discharge for storms of 
frequencies up to and including the 100-year event. Table 2.1 of the Hydrology Manual 
lists the different durations to be analyzed depending upon the size of thc drainage area. 
Generally the design storm is of 6-hours duration and is to be used for the design of 
stormwater drainage facilities except for detentiodretention facilities. 

According to the Unifnrm Drainage Policies and Stnrzdard.rfor Maricopa County, 
Arizona (25 Februaly 1987), all development shall make provisions to retain the 
peak flow and volume of runoff from rainfall events up to and including the 
100-year, 2-hour duration storm falling within the boundaries of the proposed 
development. The criteria to be applied to the 2-hour storm is provided in the 
Hydrology Manual. Table 2.1 of this manual outlines the minimum hydrology 
design criteria for drainage features. 

2.3 Master Drainage Planning 

According to the Uniform Drrrirmge Policies and Standards for Maricopa County, 
Arizona, master drainage planning shall be done in the earliest stages of the planning 
process. A master drainage plan incorporates the hydrological analysis for on-site and 
off-site runoff and outlines the recommended plan for handling storm water runoff. 

Master drainage planning can be encountered on both basin-wide and local scales. When 
undertaking a basin-wide plan, the designer must comprehensively evaluate practical 
alternatives to find the most cost-effective solution for the general public. Modifications 
can result from land-use driven decisions that are more costly; however. these additional 
costs are considered "developer costs" by most agencies. When preparing master 
drainage plans for local development, the designer shall illustrate conformance with 
basin-wide master drainage plans where they exist, or shall demonstrate that the plan 
will not incrcase extraordinarily the cost of providing basin-wide drainage for the local 
agency or the District. 
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Table 2.1 
Hydrology Design Criteria 

-- 
Peak Frequencies -- - I 

Drainage Feature 50 Year 100 Year 

Street with 
Curb and Gutter 
(longirudinal flow) 

Strcct wlthour 
Curb m d  Guller 
(Irngitud~nal flo,u) 

Rulloff contained witllin slrm,t 
curbs. 

Far collector and miinenai strerrs 
one 12-font dry driving lane 
must be maintained in each 
dirrcrioll. 

Ruuaff conraiued wilhm the 
roadside channels with rhe water 
surface eleviltion be1o.u the 
subgrade. 

NIA 

NIA 

Runoff lo be contained below 
the fmahed fioor of b u ~ l d ~ n g  

Q,, = I00 cfs 
v,,,, = 10 ips 
d,,,.. : 8 inches 

Same aa Street wtlh Curb w ~ d  
Guttet 

Slrcet wlth 
Ftoun Dwn S>stcm 
(longltudmal flow) 

Cross Ruild Culvotl 
tor Collectol alil 
W e n d  Streets t 
FEMA Floodpla~n 

Cllilnncl to C o n ~ v y  
Otfslrz Flou Thruugh 
Development 

Pipes or roadside cltanncls ,arc 
added if thc 10~yc.u runoff 
exceeds srrect capacity. 

NIA 

NIA 

NIA 

NIA 

Runoff ro he conveycd by 
culven nnder road with no flow 
ovenopping the road 

V:,,., := 15 fps 
Vm,,, = 3.0 fps 

NIA 

NIA 

Storm drvius o e  needed if 1 0 0 ~  
year runoff inundaler the 
building's Fiishcd floor. 

Runoff to bc ronvcyed by 
culven aud by flow ovcr the 
load wtth ammimum depth 
over thc road of 6 iuches. 

100-year peak storm 

100-year peak s tom 

Lowest floor elevutlon 
for bulldings within a 
FEMA Roodplain Area 

NIA NIA 

Lowest floor clevvtinn lo hc a 
minimum of 1 foot ah"\? the 
floodplain water surface 
elevvlion. 

Loucsc floor not iu a 
FEW Designated 
Floudploirl 

Relention Bvsii~ 

NIA 

I I 

100-yc;lr?-hour srorm for 

NIA 

I NIA 
determining on-sire rerention 

Nit\ 
Y O ~ U U ~ C .  

The lowest floor will bc free 
froin hmldution for the 100- 
year pe;& stanli cbeur. 

(1) Per ARS 48-3600.4. ADWR h3s established !hat d u h g  Lhe courie of the Masrcr Planning process. the 100-!car runoff will be used 
to delineate a noudplain for mvlorrhunnels with diirharges more Ihm 500 cfs and shollld he pjocessed through the local government, 
ADWR, ;md FEMA. 
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The inaster planning process begins with the conceptual layout of the drainage system, 
which includes both large and small drainage facilities. 

All drainageway entrance and exit points in the proposed development must remain 
in the original location and-as near as possible-in the original condition. 

In many areas about to be urbanized, the runoff has been so minimal that natural 
channels do not exist. However, surface depressions normally exist and will provide an 
excellent basis for the initial siting of open channels. This condition is also true for open 
channels that are to be used primarily for road or highway drainage. 

Master plans illus~rate selected alternatives, including the footprint of facilities or land 
uses. approximate sizes, and physical impact on the land. General requirements for 
structures and their overall size and impacts are also determined during the master 
planning phase; however, detailed selection of structure types, sizing of riprap, structural 
design, and selection and detailing of peripheral elements (inlets, trash racks, fencing, 
etc.) are completed in later phases using the criteria outlined in this manual. 

2.4 References 

Flood Control District of Maricopa County, February, 1987, Un(fofomi Drainage Policies 
and Standards for Maricopa Countv, Arizona. 

-, January. 1995, Drainage Design Manua1,for Maricopa Counh, Arizona, Volunie 
I, Hydrology. 

U.S. Army Corps of Engineers. January, 1990, HEC-1 Flood Hydrograph Package, 
User's Manual. 
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Street Drainage 

3.1 Definition of Symbols 

The following symbols will be used in equations throughout Chapter 3. 

Gutter depression, inches 
Clear opening area, ft2 
Clear area of the grate, ft2 
Orifice coefficient 
Weir coefficient 
Depth at curb measured from the normal cross slope, ft (i.e., d = TS,) 
Depth at lip of curb opening, ft 
Effective depth at the center of the curb opening orifice, ft 
Hydraulic efficiency of an inlet shoiter than the length required for total 
interception (Q,/Q) 
Ratio of flow in the depressed section to total gutter flow 
Gutter capacity reduction factor (see Figure 3.4) 
Gravity, 32.2 ft/s2 
Height of curb opening catch basin, curb opening orifice, or orifice 
throat width. ft 
Length of curl, opening, grate, or slot, ft 
Curb opening length required to intercept 100% of the gutter flow, ft 
Manning's roughness coefficient 
Perimeter of the grate. disregarding bars and side against the curb, ft 
Total gutter flow. cfs 
Allowable flow rate per gutter, cfs 
Amount of street flow caught by an inlet, cfs 
Flow in paved area, cfs 
Theoretical gutter carrying capacity, cls 
Flow in width W: ft3/s 
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R, - - Ratio of frontal flow intercepted to frontal flow 

Rs - - Ratio of side flow intercepted to total side flow 
S - - Longitudinal street slope, ft/ft 

S, - - Equivalent cross slope, ftlft 

Sw 
- - Cross slope of a depressed gutter, ft/ft 

Sw 
- - Cross slope of a depressed gutter section measured from the normal 

cross slope of the pavement. (a/W), ftlft 
- S, . .Pavement. cross .slope, ftfft 

T - - Allowable spread, ft 

v - - Velocity of flow in the gutter, ft/s 

v, - - Gutter velocity where splash-over first occurs (see Figure 3.27), Ws 
- W - Width of depression, depressed gutter or grate, or slot, ft 

Y - - Depth of flow, ft 

z - - Reciprocal of the pavement cross-slope, 1/S,, ft/ft 

3.2 Streets 

Urban streets with curbs and gutters serve as an important and necessary drainage 
service, even though their primary function is for the movement of traffic. Traffic and 
drainage uses are compatible up to a point: beyond which drainage is, and must be, 
subservient to traffic needs. 

Gutter flow in streets is necessary to transport runoff water to catch basins and to major 
drainage channels. Good planning of streets can substantially help in reducing the size 
of, and sometimes eliminate the need for, a storm drain system in newly urbanized areas. 

An overall approach to storm runoff management includes using the street system to 
transport runoff to catch basins and to transport runoff from storms that are greater than 
the storm drain capacity. 

Freeways and similar types of roadways are not addressed in this manual 

3.2.1 Design Criteria for Streets and Gutters 

3.2.1.1 Design Frequency: Storm drainage within a street system serves two primary 
objectives: 

1. Remove nuisance flows from pavement during frequent return period storms to 
maintain safe and efficient movement of traffic. 

2. Protect adjacent properties from damage caused by large, infrequent storms. 
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Street Drainage 

- - 

No curb overtopping. Maintain one dry 12-foot driving lane in each 10 year 
direction for collector and arterial streets. 

Table 3.1 
Design Storrn Frequencies for Street Drainage") 

Longitudinal Street Flow 

(1) No new inverted crown streets. 
(2) Some cities might use a different design event. 

Event "' 

/ 

The function of removing nuisance flows from pavement is based on providing storm 
drain catch basins at points where maximum depth or driving lane inundation criteria 
are reached. 

Storm drain system design is based on the design storm. The design storm is the storm 
associated with the governing return period for longitudinal street flow from Table 3.1. 
In the upper reaches of a system the 10-year criteria will govern. Farther downstream 
in the system, the storm drain system design for the 10-year storm may not meet the 
criteria stated for the 100-year storm. Storm drains will then need to be upsized to meet 
the 100-year criteria. Both return periods need to be checked to determine which 
condition governs. The storm condition governing design at any point is the design 

~* 
storm. 

Flow to becalculated assuming .contained between buildings with: 
100 cfs maximum flow. 
10 fps maximum velocity. 
Maximum depth of 8 inches. 

3.2.1.2 Pavement Encroachment: The following sections present specific design 
requirements for storm drainage on urban type streets for the design storm. Typical 
street sections used in Maricopa County are presented in Figure 3.1. Determination of 
street carrying capacity for the design storm shall be based upon two considerations: 

100 year 

1. Pavement encroachment and depth for computed theoretical flow conditions. 

2. An empirical reduction of the theoretical allowable rate of flow to account for 
practical field conditions. 

The storm drain system should commence at or prior to the point where the maximum 
encroachment and/or depth is reached, and should be designed on the basis of the design 
storm. The final design must meet both the 10-year and 100-year criteria set forth in 
Table 3.1. 

The preceding criteria is established for new construction. Changes to an existing 
system, or a retrofit situation may not be able to meet the 10-year criteria, however, any 
changes to a system should meet the 100-year storm criteria. 
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Note: 
For conceptual purposes 

only. Consult municipality 
for their spedik detail. 

Figure 3.1 
Typical Street Cross Section 
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'0.56) rn s 6/ 
Q =  - - I & '  .5! ? - 

\ " )  a" 
d 

w a ~ e :  ~ v e n :  2 
n = 0.016 S, = 0.m b - 
S=O.W T = 6 f l  - 
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3.2.1.3 Theoretical Capacity: When the allowable pavement encroachment has been 
determined, the theoretical gutter carrying capacity shall be computed using the 
modified Manning's formula for flow in a shallow triangular channel, as shown in 
Figure 3.2 or as expressed in Equation 3.1: 

Using d = TS, and z = 1/S, Equation 3.1 can be expressed as: 

Typical gutter configurations from Maricopa Association of Governments (MAG) are 
shown in Figure 3.3. Figure 3.2 may be used for all gutter configurations. To simplify 
computations, graphs for particular street shapes may be plotted. 

A n n  value of 0.015 or 0.016 shall be used for paved streets unless special conditions 
exist. 

3.2.1.4 Reduction Factors: The gutter capacity from Figure 3.2 is based on the 
theoretical capacity of a clean, unobstructed, continuous gutter section. In reality, parked 
car tires in the gutter and debris cause obstructions to flow. Driveways, alleys, and curb 
cuts cause discontinuities in the flow. When water flowing in a gutter encounters an 
obstruction or discontinuity, it is deflected out of the gutter into the street section or onto 
the sidewalk. If the velocity is high enough, the flow divcrted out of the gutter will flow 
across the street crown to the gutter on the opposite side. If an inlet is located just 
downstream of the obstruction the water will flow past the inlet without being 
intercepted. Gutter capacity reduction factors are established to limit velocities and 
reduce the lane encroachment caused by water deflected into the street and to allow 
adequate capacity for unanticipated inlet bypass flows caused by obstructions. 

The actual flow rate allowable in the gutter is to be calculatcd using Equation 3.3, in 
which the theoretical capacity is multiplied by the corresponding reduction factor (F,) 
obtained from Figure 3.4. Discharge curves can he developed for standard streets by 
plotting the solution of Equation 3.3 for a range of longitudinal slopes using the 
appropriate gutter capacity reduction factor: F, , and the theoretical gutter capacity 
computed for each slope. 
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I ) f-- 24" Vertical Curb & Gutter 

Brush Finish 
Pavement 

. .  ...... ....... , . ,  . .  . , , ~ , .  . . . . . . . .  > . .  

.......... 

-- 

Ribbon Curb 
(Type B) 

Sidewalk . . Roadway Widlh ,, Pavemenl 

Roll Type Curb & Gutter 

Roadway Width 
(Type C) 

I I t - -  L 1 - d  24" 
I - 

I !  hi Pavement 

Figure 3.3 
Detail for Curbs and Gutters 

(Adapted from MAG Standards) 



Drainage Design .Manual for Maricopa County, Volume 11, Hydraulics 

Longitudinal Slope, Wft 

Figure 3.4 
Gutter Capacity Reduction Factors 
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3.2.1.5 'Transilion at Curb and (.;utfer End: Where curb and gutter sections end, care 
mlist be taken to m~s i t ion  :be gutter flow into the recziving ditch or channel to prevent 
scour. &'hen the flow encount:;rs a widenii~g in the channel cross section, it spreads at 
approximately 4.i (longitudinal to transverse). A concrete or rock riprap apron should 
be provided to protect the receiving chacme! or ditch, and to spread the flow until the 
velocity is below the maximum allowable velocity for the channel material. The 
pmtection..must be.plnced.far 'enoughhelow the .flow-line-sothat,there are >no.adverse 
impacts from ponding or sillation. 

3.2.2 Design Criteria for Intersections 

Figure 3.5 is a typical illustration of the variations in grade when local streets intersect. 
When local streets intersect arterial or collector streets, the grades of the arterial or 
collector street should be continued uninterrupted. 

When collector and arterial streets intersect, the grade ofthe more major street should 
be maintained as much as poss~ble. For drainage purposes, no form of valley gutter 
should be constructed across an a~ierial street. Infrequently, with agency approval, 
valley gutters may be considered on collector streets. 

Conve~ltional valley gutters may be used to transport runoff across local streets when 
a storm drain system is not required and when approved by the governmental agency. 
The vallcy gutter should be sufficient to transport the runoff across the intersection with 

., encroachment equivalent to that allowed on the street. 

3.2.2.1 Theoretical Capacity: The theoretical carrying capacity of each gutter 
approaching an intersection shall he calculated based upon the eflective slope, as 
outlined herein. 

Corztinrror~s Grade Across irltersection: When the gutter slope will be continued across 
an intersection-as when valley gutters are in place--use the slope of the gutter flow 
line crossing the street to calculate capacity. 

Flow Direction Chartge at Intersection: When the gutter flow must undergo a direction 
change 8.t the intersection greater than 45 degrees, the slope used for calculating capacity 
shall be the effective gutter slope, defined as the average of the gutter slopes at 0 feet, 
and 50 feet upstream from the point of direction change. 

Flow interception by Inlet: When the gurter flow is intercepted by an inlet on 
continuous grade at the intersection, the effective gutter slope shall be utilized for 
calculations. Under this condition, [he points for averaging shall be 0 feet, 25 feet: and 
50 feet upstream from the inlet. 



Urninage Design Manual for M~ricopa County, 'Jalun~e 11, Hydraulics 

C~ialion of Row 

J i bp ld  --A - i \- - 

Inlets on 1x4 SbeBt, 

11 1 80% inlercep(ian rale 
or sump lor iniels allawahle. 

Local Street to Local Street Local or Collector to Arterial 

Arterial to Arterial 
(Where Crowns are to be Maintained) 

Inlets on 

zero carryover. 11 1 
Arterial to Arterial 
(One Continuous Crown) 

I 
- 

These examples show- 
Addhianal inlab may be neosssary k a d  upon 1 

1 albwablecarryingcapadlyolgutten. 1 

Figure 3.5 
Typical Street Intersection 

Drainage to Storm Drain System 

3-10 January 28, 1996 



Street Drainage 

3 2.2.2 4Ilr1wahiie Capacity: 

The ailowable carrying capacity ior gutters approaching an intersection shall bc 
calculated by applying the reductic~n factor found in Figure 3.4 to the theoretical 
capacily. The grade used to determine the reduction factor shall be Lhe sanie 
effective grade used to calculate the theoretical capacity. 

~- --A 
. . . . , 

Special Considerations for Business Areas and Heavily-used Pedestrian Areas: In 
highly concentrated business areas where large volumes of pedestrian traffic are likely, 
consider using walk-over curbs (where the pavement grade is raised to match the curb 
~!evalion a1 the crosswalk) at intersections. If used, however, two catch basins would 
be required at near1 y every corner as flow may not be allowed to continue around the 
corner. For the storm frequency being contemplated, the effect water may have on 
pedestrian walking area should be compatible with that on streets. Based upon vehicular 
traffic use in a business area all streets would probably be classified as collector or 
arterial, requiring a minimum of one water-free travel lane in each direction. The 
walk-over curbs should be available for limited pedestrian use. 

Where concentration of pedestrians occurs, depth and area lin~itatio~ls may need 
n~odifications. As an example, streets adjacent to schools are arterials from a pedestrian 
standpoint and should be designed accordingly. Designing for pedestrian traffic is as 
important as designing for vehicular traffic. Ponding water and gutter flow wider than 
two feet is difficult for pedestrians to negotiate. 

. ~ Where business buildings are constructed to property lines, the reduced clearance 
. . between buildings and heavy traffic must be considered. Splash from vehicles striking 

gutter flow may damage store fronts and make walking on sidewaks difficult. 

Although not a necessity in many business areas, highly concentrated business areas 
should be designed to use reduced allowable pavement encroachment area and 
inundated areas, raised walk-over curbs at intersections_ or additional catch basins to 
intercept flow before it reaches intersections. Generally, storm drains should be installed 
ui these areas even if other criteria do uot so indicate. 

3.2.3 Design C r i t w  

Roadside ditches are commoiily used in rural areas to convey runoff from the highway 
pavement, and from areas which drain toward the highway. Where practicable, the flow 
from major areas draining toward curbed highway pavements should be intercepted by 
i!i!ches. 

The f~l lowing criteria pertain to the design of open channels along roadsides. For 
additional criteria for open channels, see Chapter 6. 
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3.2.3.1 Permissible Use: Roadside ditches adjacent to public streets are discouraged in 
grban areas and require approval from the governing municipality. Wnen they are 
allowed, adhere to thz criteria outlined 1n this cection. 

3.2.3.2 Street Capacity for the Design Storm: Depth of flow in roadside ditches for 
the design storm shall be limited to preclude saturation of the adjacent roadway 
subgrade. Where curbs exist and roadside ditches are used in lieu of storm drains, catch 
basins or scuppers should beprovided as needed to drain the pavem 
ditch while meeting the criteria set forlh in Table 3:l. 

3.2.3.3 Geometry: Geometric considerations in the design of channel cross-sections 
should incorporate hydraulic requirements for the design discharge, safety, minimization 
of right-of-way acquisition, economy in construction and maintenance, and good 
appearance. 

Channel side slopes should be as mild as practical and should be no steeper than 4:l 
where terrain and right-of-way permit. The advantages of mild slopes are that the 
potential for erosion and slides is lessened, maintenance is eased: and the safety of errant 
vehicles is enhanced. Safety considerations are subject to the requirements of the local 
jurisdiction. 

Trapezoidal channel bottoms should be a minimum of 4-feet wide for maintenance 
pulposes. V-shaped channels may also be used when approved by the governing 
municipality. 

Local soil conditions, flow depths, and velocities within the channel are usually the 
primary hydraulic considerations in channel geometric design; however, terrain and 
safety considerations have considerable influence. Steeper side slopes of rigid, lined 
channels may be more economical and will improve the hydraulic flow characteristics. 
The use of steeper slopes is normally limited to areas with limited right-of-way where 
the hazard to traffic can be minimized through the use of guardrails or parapets. 

3.2.3.4 Rural Crown Ditch: In mountainous terrain where large cuts are required, 
crown ditches constructed on top of the cut embankment will intercept runoff preventing 
it from eroding the face of the cut slope. A typical crown ditch is shown in Figure 3.6. 

Figure 3.6 
Crown Ditch 
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3,3 Catch Basins --.- 

prr. ,! -,. LI  . surface drainage of streets and highways may require intercepting excess flows 

v,,i tll s?orrnwa!er catch hasins. A stormwater inlet or catch basin is an opening into a 
h toll^^ drain sy',trm to permit enrrance of si~rface storm runoff. The most upstream catch 
basin in the systeru shoultl be placed as far downstream as possible, because as soon as 
the runoff enters the pipe system, it is carried rapidly downstream which tends to reduce 
ihe tirne ofcpncenirat~ion. The placing of catch basins . . ,  is diciated ,~ . . . . . , ,  by street ~ . . .  encroachment . , , ,  , . 
and flow depth criteria (see 'Table 3.1). 

33.1 Catch Basin 'I'ypes 

7 7  !here are four categories of catch basins: 

* curb opening catch basins 

grated catch basins 

combination catch basins 

slotted drain catch basins 

Catch basins may he further classified as being on a continuous grade or in a sump. The 
contirzrnous grade condition exists when the street grade is continuous past ihe catch 
basin and the water can flow past. 'The .runlp condition exists whenever water is 
restricted to the catch basin area because the catch basin is located at a low point. This 
may be due to a change in grade of the street from positive to negative or due to the 
crown slope of a cross street when the catch basin is located at an intersection. 

'Two or more catch basins placed close to each other may act as one hydraulic unit 

3.3.1.1 Curb Opening Catch Basins: Curb opening catch basins (Figure 3.7~1) are best 
for use when a sump cond~tlon exists. Although a c u ~ b  opening catch basin will not 
guarantee against plugging by debris, it is the most desirable type of catch basin. 

A curb opening catch basin is a vertical opening in a curb through which the gutter flow 
passes. For safety reasons, the vertical opening should not be greater than 6 inches. The 
gutter inay be undepressed or depressed in the area of the curb opening. The capacity 
of the curb opening is significantly increased by depressing the opening. Permissible 
curb oueninp catch basins are contained in the Marico~a Association of Governments - 
(MAG) Standard Details. All details and ~nlet types must be approved by the governing 
municipality. A characteristic of the curb openlng catch basin is its relative inefficiency - .  - 
on streels of steep grade. 'Therefore: curb opening catch basins less than 5 feet in length 
shouldn't be used on steep grades. However, longer catch basins can be quite efficient 
and should be considered for use on streets with slopes up to 1.0 percent. 
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(b) Grated Catch Basin Inlet 

kZ&zq (c) Combination Catch Basin inlet 

(d) Slotted Draln Catch Basin Inlet 

Figure 3.7 
Catch Basin Inlets 
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3.3.1.2 Grated Catch Basin: Grated or gutter catch basin refers tc ail opening in the 
gutter covered by one or more grates through which the water falls (see Figure 3.7b). As 
with other catch basins, grated catch basins may be either depressed or ulidepressed and 
are more efficient than curb opening catch basins when located on a coniinucus grade. 
Permissible grated catch basins are contained in the MAG Standard Details. Other 
details must be approved by the governing municipality. 

When, grated. , .catch~ba~i .~~.  are,~t~sed;.~he;llgim~er.zshouldd d e i g n  .them $ o . q t i k z e  
hydraulic efficiency, bicycle and pedestrian safety, structural adequacy, economy, and 
freedom from clogging (see Combination Catch Basirl for recommendations). 

3.3.1.3 Combination Catch Basin: A con~bination catch basin is composed of a curb 
opening and a grated catch basin acting as a unit (see Figure 3 .7~) .  Usually the gutter 
opening is placed adjacent to the curb opening. As with other catch basins, a 
combination catch basin may be either depressed or undepressed and located in a sump 
01. on a conlinuous grade. 

For the widest range of conditions, the con~bination catch basin is the most efficient type 
of stormwater catch basin for hydraulic interception capabilities and eliminating debris 
clogging. Permissible combination catch basins are contained in the MAG Standard 
Details. Other details must be approved by the governing municipa!ity. 

3.3.1.4 Slotled Drain Catch Basins: A slotted drain (Figure 3.7d) is a slot opening in 
the pavement which intercepts sheet flow and conveys it through a c o l ~ g a t e d  steel pipe. 
Slotted drains are most effective when street slopes are shallow. 

3.3.2 Catch Basin Applications 

The following general recommendations are made for different types of storlnwatel 
catch basins. 

3.3.2.1 Sump Conditions: 

True Sump: Depressed curb opening catch basins are recommended for true sump 
conditions. Each true sump should be reviewed to determine if the area affected by 
ponding is within acceptable limits. The ponding caused by the 100-year flow should 
also be checked to assure that the 100-year inundation criteria in Tables 2.1 and 3. I are 
met. True sumps should be designed with care, considering the tlow path that will be 
taken by flows in excess of the design tlow. In some cases a drainage easement may be 
necessaq to prevent damage to adjacent property during storms in excess of the design 
storm or in case of total blockage of the inlet by debris. Placement of an inlet should not 
make conditions worse than they were before. This is an important consideration in 
retrofit situations. 
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Sumps Formed by Crowr~ Slope of Cross-Street at intersection: Curb opening catch 
basins are recommended for these conditions. although combination catch basins may 
be used successfully. Conditions need to be checked to prevent a small amount of 
ponding from causing excessive lane encroachment or slorm runoff flowing over the 
crown of the cross street and continuing down the gutter. 

., , 3.3.2.2 ~ontinu~us~~~rade.~mnd~itions:~Gurb~~open~ng~catch~basins~should .be used.on 
continuous grades, unless otherwise approved by the goveming municipality. Inlet 
spacing should be limited to a maximum of 660 feet for collection of nuisance flows. 

3.3.2.3 Shallow Sheet Flow Condition: Slotted drains may be used as permitted by the 
goveming municipality. 

3.3.2.4 Large Inlet Inflows: In areas where large inflows are admitted into the storm 
drain system, hazards may be introduced to vehicular and pedestrian traffic due to large 
depths and velocities. Special consideration should be given to design of large inlet 
facilities. When possible. large inlet facilities should be located off of the roadway and 
provided with trash racks and fencing to improve safety. 

3.3.3 Allowable Catch Basin Capacities 

The inlet capacity reduction factors, also called clogging factors, outlined in Table 3.2 
should be applied to the theoretical calculated capacity of catch basins based upon their 
type and function. The reduction factors compensate for effects which decrease the 
capacity of the catch basin such as debris plugging, pavement overlaying, and in 
variations of design. 

The allowable capacity of a catch basin should be determined by applying the applicable 
factor from Table 3.2 to the theoretical capacity calculated in accordance with the 
appropriate design charts. 

The percentage of theoretical capacity allowed may be even lower when the catch basin 
is likely to intercept large amounts of sediment or debris. For instance, the first catch 
basin to a pipe network draining a high debris-yielding area may actually accept only 
20 percent of the theoretical capacity allowed because of clogging. Sediment &aps 
should not be designed into the catch basin. A sediment trap formed by lowering the 
floor of the catch basin below the elevation of the outlet pipe is unnecessary and 
undesirable since there is too much turbulence for effective trapping at design flow rates, 
and cleaning is costly. Catch basins should be self-scouring, even under low-flow 
conditions. 
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Table 3.2 
Kedtlcfion Factors Lo Apply to Catch Basins 

i 
I Condition Inlet Type 

1 S I Curb Opening 0.80 ~ 
I 

L ~ u m p  

- 
Continuous Grade 

( I )  See Section 3.3.4.3, Combination Catch Basins 
(2 )  Sloncd drains are most effective for shallow sheet flow conditions. With greater depths 

and flows, a different type of inlet should be used. 

C(~ntinuous Grade L I combination "I 
I 

i Sl~allow Sheer Plow "' - Slotted Drains 

3.3.4 Catch Basin Design Procedures 

Grated 

Combination 

Curb Opening 

Longitudinal Bar Grate 
Longitudinal Bar Grate 
with recessed transverse 

Apply factors separately to 
grate and curb opening 

0.80 

Figures 3.9 to 3.19 (pages 3-27 to 3-37) x e  capacity curves for standard catch basins. 
When designing a nor~standard catch basin, use the equations and procedures outlined 
herein, The approval of the governing municipality should be ohtajned before designing 
a nonstandard catch basin. The procedures and equations in this section are adapted from 
the Federal Highway Administration Hydraulic Engineering Circular No. 12 (HEC-I 2): 
Dr.i~inage of Highwa); Paveil7.er1ts (USDOT, FHWA. 1984). Refer to Section 3.1 for 
definitions of coefficients uscd in the following equations. 

0.50 

0.65 

0.80 

0.75 
0.60 

3.3.4.1 Curb  Opening Catch Basins: 

On-Grade: Thc length of curb opening catch basin required for total interception of 
gutter flow on a pavement section with a straight cross slope is expresscd as: 

Fig~lrc 3.20 (page 3-38 j is a nonlogra1)h fhr the solution of Equation 3.4. 
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The efficiency of curb opening catch basins shorter than the length required for total 
interception is: 

Figure 3.21 (page 3-39) provides a solution of Equatioil 3.5 and the equation is 
applicable with either straight cross slopes or compound cross slopes. 

The length of catch basin required for total interception by depressed curb opening catch 
basins or curb openings in depressed gutter sections can be found by using an equivalent 
cross slope. S,, in Equation 3.4. 

E, is the ratio of flow in the depressed section to the total gutter flow, and S :is the cross 
slope of the gutter measured from the cross slope of the pavement. S,. Figure 3.22 (page 
3-40) can be used to determine the spread, and then Figure 3.23 (page 3-41) can be used 
to determine E,. 

The length of curb opening required for total interception can be significantly reduced 
by increasing the cross slope or the equivalent cross slope. The equivalent cross slope 
can be increased by use of a continuously depressed gutter section or a local1 y depressed 
gutter section. 

LJsing the equivalent cross slope, S,, Equation 3.4 becomes: 

Figures 3.20 and 3.21 are applicable to depressed curb opening catch basins using S, 
rather than S,. 

Sumps: The capacity of a curb opening catch basin in a sump depends on water depth 
at the curb, the curb opening length, and the height of the curb opening. The catch basin 
operates as a weir for depths of water up to the curb opening height and as an orifice at 
depths greater than 1.4 times the opening height. At water depths between 1.0 and 1.4 
times the opening height. flow is in a transition stage. 
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The weir location for a depressed ccrb opening catch basin is at the edge of the gutter, 
and the effective weir length is dependent on the width of th depressed gutter and the 
length of the curb opening. The weir !ocation for a curb opening catzh basin that is not 
depressed is at the lip of the curb opening. and its length is equal to that of the catch 
basin. Lirnite,d experiments and extrapolation of the results of tests on depressed catch 
basins indicate that the weir coefficient for curb openirig catch basins without depression 
:is approximately cqual to that f ~ r  a-depressed curb upening inlet. 

The equation for Lhe interception capacity of a depressed curb opening catch basin 
operating as a weir is: 

where C, = 2.3. 

The weir equation is applicable to depths at the curb approximately equal ro the height 
oE the opening plus the depth of the depression. Thus, the llrnilati~n on the use of 
Equation 3.8 for a depressed curb operiirig catch basin is: 

~ ' ,  

Experiments have not been conducted for curb opening catch basins with a continuously 
depressed gutter? but it is reasonable to expect that the effective weir length would be 
as great as that for a catch basin in a local depression. Use of E,q~iatioii 3.8 will yield 
conservative estimates of the interception capacity. 

The weir equation for c u ~ b  opening caich basins without depression (W = 0) becor~~es: 

where C, = 3.0. 

The depth limiiatioa for operation as d weir becomes: d _c h. 
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Curb opening catch basiris opcrate as orifices at depths greater than approximately 1.4h. 
The interception capacity can be conlpured by Equation 3.1 0: 

Qi - ~ , h ~ ( 2 g d , j ~ . ~  (3.10) 

where C = 0.67. 

Equation 3.10 is applicable to depressed and undepressed curb opening catch basins and 
the dcpth at the catch basin includes any Siltier depression. 

Height of the orifice in Equation 3.10 assumes a vertical orifice opening. As illustrated 
in Figure 3.8. other orifice throat locations can change the effective depth on the orifice 
and the dimension id, - hl2). A limited throat width could reduce the capacity of the 
curb opening catch basin by causing the catch basin to go into orifice flow at depths less 
than the height of the opening. 

Figure 3.24 (page 3-42) provides solutions for Equations 3.8 and 3.10 for depressed curb 
opening catch basins, and Figure 3.25 (page 3-43) provides solutions for Equations 3.9 
and 3.10 for curb opeiliilg catch basins without depression. Figure 3.26 (page 3-44) is 
provided for use for curb openings with inclined or vertical orifice throats. 

3.3.4.2 Grated Catch Basins: 

On-Grade: Grated catch basins intercept all of the frontal flow until "splash over" (the 
velocity at which water begins to splash over the grate) is reached. At velocities greater 
than splash over, grate efficiency in intercepting frontal flow is diminished. Grates also 
intercept a portion of the flow along the length of the grate; or the side flow, dependent 
on the cross slope of the pavement, the length of the grate; and flow velocity. 

The ratio of frontal flow to total gutter flow, E,, for a straight cross slopc is: 

Figure 3.23 (page 3-41) provides a graphical solution of E, for either straight cross 
slopes or depressed gutter sections. 



TT-T (a) Horizontal Throat 
9 = 0.67h~?r'Zg& 

L - Length of opening 

(b) inclined Throat 

do = dl 

jc) Vertical Throat 

Figure 3.8 
Curb Opening Catch Basin Inlets 

I,:no<liiicd from: U S D W ,  Fl-IWA. 1484, i-IEC- 12, Figcre 21) 
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The ratio of side I'iow, Q5. to rota1 gnrter flow is: 

'Ihc ratlo or frontal flow intercepted to total frontal flow, R,, 1s expressed. 

T h ~ s  ratio is equivalent to frontal flow interception efficiency. Figure 3.27 (page 3-45) 
provides a solution of Equation 3.13 which takes into account grate length. bar 
configuration and gutter velocity at which splash-over occurs. The gutter velocity 
needed to use Figure 3.27 is total gutter flow divided by the area of flow. 

The ratio of side flow intercepted to total side flow, R,, or side flow interception 
efficiency; is: 

Figure 3.28 (page 3-46) provides a solution of Equation 3.14 

A deficiency in developing empirical equations and charts from cxpeiimen~al data is 
evident in Figure 3.28. The fact that a grate will intercept all or almost all of the side 
flow where the velocity is low and the spread only slightly exceeds the grate width is 
not reflected in the figure. Error due to this deficiency is vew small. In fact, where 
velocities are high, side flow interception can be neglected entirely without significant 
error. 

The efficiency. E, of a grate is: 

The first term on the right side of Equation 3.15 is the ratio of intercepted frontal flow 
to total gutter flow, and the second term is the ratio of intercepted side flow to total side 
flow. The second term is insignificant with high velocilies and short grates. 
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,i.j . 
I;!- ~liieic:;;.>licjil cap;?ci!)i of :? gra(5 catch hasin un grade is equal rn rhr, efficiency of the 

NL.:~> :nuiiiplied by the rota1 guttcc 'low: 

i' .,amps: The effir:imcy of catch basins in passing dcbris is critical in sump locations 
, hezcjse all iunoffwhi~h~enter~t~~c~surnp'mwst be~pa3sed through the catelk basin. Total 

c?r pal-~ial clogging of catch basins in these locations can result in hazardous pollding 
couditicms. Grate catch basins alone are nut recommended for use in sump locations 
because of the tendencies of grates to become clogged. Combination catch basins or 
curb-opening catch basins are recommended for use in these locations. 

A grate catch basin in a sump location operates as a weir to depths dependent on the bar 
configuration and size of the grate and as an orifice at greater depths. Grates of larger 
dimension and grates with more open area, i.e., (with less space occupied by lateral and 
longitudinal bars), will operate as weirs to greater depths than smaller grates or grates 
with less open area. 

?'he capaciry of grate catch basins c>perdting as weirs is: 

where C,  = 3.0. 

The capacity of a grate catch basin operating as an orifice is: 

where C = 0.67. 

Use of Equation 3.18 requires the clear opening arca of the grate. Tests of three grates 
for the Federal Highway Administration showed that for flat bar grates, such as 
P--1-7184 and P-1--118 grates, the clear opening is equal to the total area of the grate 
less the area occupied by longitudinal and lateral bars. 

Figure 3.29 (page 3-37j is a $01 of Equations 3.17 and 3.18 for various grate sizes. The 
effects of grate size on the depth at which a grate operates as an orifice is apparent from 
the chart. Transition froin weir to orifice flow results in interception capacity less than 
that computed by either the veir or the orifice equation. This capacily can bc 
approximated by drawing in a curve between the lines representing the perimeter and 
net area of the grate i:o be used. 
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3.3.4.3 Combination Catch Basins: 

017,-Grade: 'The interception capacity of a combination catch basin consisting of a curb 
opening and grate placed side-by-side is not appreciably greater than that of the grate 
alone. Capacity is computed by neglecting the curb opening. A combination catch basin 
is son~elimes used with the curb opening or a part of the curb opening placed upstream 
of the grate. The curb opening in such an installation intercepts debris which might -- themiseclog'the~grate md.has heen. termed a :'sweeper'%y.some: Aoombination catch 
basin with a curb opening extending upstream of the grate has an interception capacity 
equal to the sum of the grated catch basin and the portion of the curb opening inlet 
upstream of the grate. The frontal flow and thus the interception capacity of the grate is 
reduced by the flow intercepted by the curb opening. 

Sump: Combination catch basins consisting of a grate and a curb opening are considered 
advisable for use in sumps where hazardous ponding can occur. The interception 
capacity of the combination catch basin is essentially equal to that of a grate alone in 
weir flow unless the grate opening becomes clogged. In orifice flow, the capacity is 
equal to the capacity of the grate plus the capacity of the curb opening. 

Equation 3.17 or Figure 3.29 can be used for weir flow in  combination catch basins in 
sump locations. Assuming conlplete clogging of the grate, Equations 3.8, 3.9, and 3.10. 
or Figures 3.24, 3.25. and 3.26 for curb-opening catch basins are applicable. 

Where depth at the curb is such that orifice flow occurs, the interception capacity of the 
catch basin is computed by adding Equations 3.18 and 3.10: 

Trial and error solutions are necessary for depth at the curb for a given flow rate using 
Figures 3.24, 3.25, 3.26. or 3.29 for orifice flow. 

3.3.4.4 Slotted Drain Catch Basins: 

On-Grade: Wide experience with the debris handling capabilities of slotted drain catch 
basins is not available. Deposition in the pipe is the prohlem most commonly 
encountered: however, the catch basin is accessible for cleaning with a high pressure 
water jet. 

Slotted drain catch hasins are effective pavement drainage catch basins which have a 
variety of applications. They can be used on curbed or uncurbed sections and offer little 
interference to traffic operations. 
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Flow i~~:erceprion by slott~d drain catch basins anti curb opening catch basins is simi!ar 
in that each is a ride weir and the flo~w is sub,jccted to 1:iteral acceler%tion due to the 
cross slope of itic pavement. Analysi~ of data from the HEC-I2 tests of slotted drain 
catch basins wit11 slot widths greater :hail or equal to I .75 inches indicates [hat the 
length of the slotted drain catch basin required for total interception can be computed 
using Equation 3.4. Figure 3.20 is therefore applicable for both curb opening catch 

,)basins and.slotied drain catch-basins.-Si~1-alyYY Equation 3.5 is.also.applicable to slotted. 
drain catch basins and Figure 3.21 can be used to obtain the catch basin efficiency i;)r 
the selected length of the catch basin. 

Using Figures 3.20 and 3.21 for slotted drain catch basins is the same as using them fcr 
curb opening catch basins. It should be noted, however, that it is much less zxpensive 
to add length to a slctted drain catch basin to increase interceptivn capacity lhan it is to 
add length to :L cud., opming catch basin. 

Srrmp: Slotted drain catch basins in sump locations perform as weirs to depths of about 
0.2 ft: tiependent 011 slot width and length. At depths greater than about 0.4 it; rhey 
perform as orifices. Between these depths, flow is in a transition stage. The interception 

. . capacity of a slotted drain catch basin operating as an orifice c a l  be compured by 
Equation 3.20: 

where: d = depth of water at slot, f't 
d 2 0.4 f't 

Equation 3.20 becomes: 

where: W = 1.75" 

The intcrceptiori capacity of slotted drain catch basins at tirpths between 0.2 and 0.4 feet 
can be computeti by using the orifice equation. The orificz coefficient varies with depth., 
slot width_ and the length of the slotted drain catch basin. 

Figure 3.?0 (page 3-48j provides the solutions ibr weir Ilow, tranritioii f lcv~ arid orifice 
flow. 
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3.3.5 m n  Aids 

The iniet capacity curves in Figures 3.9 - 3.19 have been developed using procedures 
sel forth in HEC-12 and are to be used for selecting Standard MAG inlets for pavement 
drainage design in Maricopa County. The curves are developed for a street cross slope 
of two percent and do not include reduction factors to account for plugging. 

The reduction factors contained in Table 3 2 shall be applied to the theoretical catch . & 

basin capacity from the curves to obtain the interception capacity used for design. 

Figures 3.20 - 3.30 are from HEC-12 and are provided here as additional aids in the 
sizing of inlets. liefer to HEC-I 3 for design examples an0 iniel lualion pl-ocedures. 
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Figure 3.12 
Curb Opening Inlet Capacity Curves 

MAG Detail 532, 8' Curb Opening Inlet 
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f,  igure 3.1 5 
Combination Inlet Capacity Curves 

MAG Detail 533-1. 6" Combination 111:et 
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Figuse 3.17 
Cantbination Inlet Capacity Curves 

hlA4C. Detail 533-1, 17' Combination Inlet 
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Figure 3.18 
Combination Inlet Capacity Curves 

MAG Detail 533-2, 7' Combination Inlet 
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FOR COMPOSITE CROSS SLOPES, USE S, FOR S x ,  1 

EXAMPLE : 
GIVEN: n=0.016 ; S-0.0I 

Sx=0.02 ; 9.4 F T ~ / S  

FINO: L T =  3 4  FT 

Figure 3.20 
Curb Opening and Slotted Drain Inlet Length for Total Interception 

(USDOT, FHWA, 1984. HEC-12, Chart 9) 
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Figure 3.21 
Curb Opening and Slotted Drain Inlet Interception Efficiency 

(TTSUOT FHWA. 1984, HEC-12, Chart 10) 
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Figure 3.22 
Flow in Composite Gutter Sections 
(USDOT, FHWA, 1984, HEC-12. Chwt 5 )  
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Figure 3.23 
Ratio of Frontal Flow to Total Gutter Flow 

(USDOT. FIIWA, 1984, HEC- I?, Cbart 4) 
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FLOW 

SECTION A - A  
A 2 

di=d+a, f t  

Discharge Q, cfs 
Figure 3.24 

Depressed Curb Opening Inlet Capacity in Sump Locations 
(USDOT, FHWA, 1984. HEC-12. Chart 12: 
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Figure 3.25 
Curb Opening Inlet Capacity in Snn~p Locations 

(USDOT, F W A ,  1984. HE(?-12, Charr 13) 
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Discharge Q, cfs 

Figure 3.26 
Curb Opening Inlet Capacity for Inclined and Vertical Orifice Throats 

(USDOT, FHWA. 1984, HEC-12, Chart 14) 
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Figure 3.27 
Grate Inlet Frontal Flow Interception Efficiency 

(USDOr, FHWA, 1984, HEC-12, Cha? 71 



Llreinsge Design Mallual for Maricopa Cou~~ty ,  Volume 11, Hydraulics 

Figure 3.28 
Grate Inlet Side Flow Interception Efficiency 

(USDOT. FHWA, 1984, HEC- 12, Chart 8) 



Street Drainage 

Discharge Q, cfs 

Figure 3.29 
Grate Inlet Capacity in Sump Conditions 

(USDOT. FHWA, 1984. HEC-I?, Chart !I) 
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Discharge Q, cfs 

Figure 3.30 
Slotted Drain Inlet Capacity in Sump Conditions 

(USDOT, VHWA, 1954, HEC-!2. Chart 15) 
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Storm Drains 

4.1 Definition of Svmbols 

The central angle of the bend, degrees 
The horizontal angle of divergence or convergence between two 
sections, degrees 
Area of water normal to flow, ftZ 
Diameter of storm drain, ft 
Specific energy, ft 
Acceleration due to gravity, 32.2 ft/secz 
Head loss due to a bend, ft 
Head loss due to friction: ft 
Head loss due to a junction, ft 
Head loss due to a manhole, ft 
Minor head losses, ft 
Head loss due to transition (contraction or expansion) in pipe size, ft 
Bend loss coefficient 
Coefficient for transition loss due to contraction of flow 
Coefficient for transition loss due to expansion of flow 
Junction loss coefficient 
Horizontal length of a storm drain, ft 
Manning's roughness coefficient 
Rate of flow, ft3/sec 
Radius of cuniature. ft 
Hydraulic radius, ft 
Friction slope, ft/ft 
Invert slope, fUft 
Time of concentration, min. 
Velocity, ft/s 
Vertical distance from invert to hydraulic grade line, ft 
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4.2 Storm Drains 

In this manual, storm drain system refers to the system of inlets, conduits, manholes, and 
other appurtenances which are designed to collect and convey storm runoff from the 
design storm to a point of discharge and into a major or regional drain outfall. Storm 
drain system design is based on the design storm. The design storm is the storm 

. , , .. .assoc~d,with,the.go~ernin.g~~etum,~period from .Table 3.1, page .3-3). In the upper 
reaches of a system the 10-year criteria will govern. Farther downstream in the system, 
the storm drain system design for the 10-year storm may no1 meet the criteria stated for 
the 100-year storm. Storm drains will then need to be upsized to meet the 100-year 
criteria. Both return periods need to be checked to determine which condition governs. 
The storm condition governing design at any point is the design storm. 

The designer of the storm drain system will have to use good professional judgement 
when dealing with the conflicts that can occur with existing utilities. When the designer 
has to deviate from the requirements of this chapter, they should contact the governing 
municipality has soon as possible to explain the situation and come to an agreement on 
the solution. 

4.2.1 Interaction of Storm Drain Systems with other Systems 

Storm drains will generally only work for minor water courses. Stonn drains typically 
are not economical for the flows conveyed within larger water courses. Therefore, the 
storm drain system will collect runoff to a point where storm drains become too large 
to be  economical and will then discharge into a major or regional watercourse oulfall 
consisting of a man-made channel, natural wash, or river. 

4.2.2 Storm Drain Criteria 

4.2.2.1 Maximum Velocity: Consideration should be given to possible pipe damage, 
the flow energy and how the system hydraulics will be affected. Large momentum 
forces are generated when high velocity flow is directed around bends and transitions. 
The conditions at the storm drain outlet should also be considered. 

4.2.2.2 Minimum Velocity: Since conduits generally are designed on the basis of their 
capacity when flowing full, or nearly full. the provision of a velocity adequate for 
self-cleansing under these conditions does not necessarily ensure prevention of deposits 
at all conditions of flow. Research shows that full flow in a pipe with a Darcy-Weisbach 
friction factor of 0.025, at 2 ftfs, will barely move a coarse sand particle with a diameter 
of 1.8 mm. As the friction factor increases, the scouring velocity decreases. Since the 
friction factor increases with decreasing depth of flow in apipe, equal self-cleansing will 
occur in partially full pipes at somewhat less than the critical velocity when flowing full. 
Equal cleansing ability is computed based on the critical tractive force required to move 
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a particle though the pipe. Where possible, a minimum cleansing velocity of 5 ft/s shall 
be maintained in the system. However, a minimum velocity of 2 ft/s must be maintained 
when flow is one-half of the design discharge. 

4.2.2.3 Minimum Slope: 'The minimum slope for main line conduits shall be ,001 (0.10 
percent'), unless otherwise approved by the governing municipality. The nunimum slope 
requirement is intended primarily to provide some drainage of the system after each 
storm event and does not eliminate the need to meet the minimum velocity requirement. 

, . , , ,  . ~ 

4.2.2.4 Hydraulic/Energy Grade Line: Often a closed conduit designed for open 
channel flow operates as a pressure conduit. This may result when storm runoff exceeds 
that used for design purposes or simply because junction losses were underestimated or 
neglected in the design. In storm drain systems, junctions in closed conduits can cause 
major losses in the energy grade line across the junction. If these losses are not included 
in the hydraulic design, the capacity of the conduit may not be adequate for the design 
flow. 

Even though a conduit may be designed to carry stormwater as open-channel flow, 
losses at bends and junctions will frequently cause pressure flow to occur for some 
distance upstream of the "loss" area. Situations may occur in steep terrain where the 
flow often interchanges between open channel and pressure flows. Because it is not 
economical to size conduits to avoid pressure flow under all storm runoff and flow 
conditions, it follows that it is reasonable and even necessary to design the conduits as 
flowing full. Planned management of stormwater runoff is also easier to achieve if the 
hydraulic grade line is kept higher than the crown of the conduit. The discharge through 
a circular pipe flowing full is constant for a given pipe diameter and hydraulic gradient. 
Once the flowing full discharge is reached in the pipe, no further runoff can be admitted 
to the pipe network. This phenomenon in the field would be evidenced by runoff passing 
directly over the catch basin to flow down the street (or overland) until it enters the 
system elsewhere. Another indication is water standing in sumps (detention ponding) 
until there is sufficient capacity in the storm drain to admit the ponded water. The 
designer should size the pipes so that the hydraulic grade line is at or very near 6 inches 
below the inlet elevation. Doing so provides an "automatic safety valve" that will 
prevent additional runoff from entering the pipe network and causing unforeseen 
problems at other locations in the system. 

Although not always feasible, the recommended procedure is to design storm drains to 
flow under pressure. Because designing for pressure flow allows for minimizing the 
capital expenditure required for a specified level of protection. Whether or not the final 
design is made with the pipe flowing partially or completely full, the hydraulic grade 
llne must be computed and displayed on a profile drawing of the conduit. When the 
hydraulic grade line rises above ground level, stormwater can be found shooting out of 
catch basins or popping manhole covers, which can lead to needless damage and 
inconvenience to pedestrian and vehicular traffic. Therefore, the hydraulic grade line 
should be at least 6 inches below the inlet elevation. 
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4.2.2.5 Materials: 

All materials used for a storm drain system must be approved by the governing 
municipality prior to use. 

Table 4.1 lists friction factors for commonly used pipe materials 

Storm drain systems shall be designed so that the hydraulic grade line is at least 6 
inches below the inlet elevation. 

The general procedures for establishing the quantity of flow and layout are the same for 
a closed conduit flowing either as an open channel or as a pressure conduit. Because of 
the nature of hydraulic elements in circular conduits. it may be reasonably assumed that 
open channel flow will occur only when the flow depth is less than 80 percent of the 
conduit diameter. 

The designer should initially size the pipes to carry excess runoff lo meet the 10-year 
street encroachment criteria of Table 3.1. Once this runoff has been admitted to the pipe 
network, additional runoff can be carried by surcharge in the street to a level of 
encroachment allowed by Table 3.1 for the 100-year storm. If the encroachment criteria 
is exceeded for the 100-year stoml, then the pipe sizes should be increased to carry the 
extra runoff. 

Miniinurn Pipe Size: The minimum diameter of a main line conduit should be 24 
inches, unless otherwise approved by the governing municipality. The minimum pipe 
size of a lateral collector pipe should be 15 inches. 

4.2.2.7 Manhole Design Considerations: The following considerations are intended 
for use when junction losses are an important design consideration. They are not 
intended to be design requirements. 

Aligninent of Pipes in Manholes: The following discussion applies to the location of 
pipes within a manhole to achieve maximum efficiency. 

For a straight through-flow, pipes should be positioned vertically so that they are 
between the limits of inverts aligned or crowns aligned. An offset in the plan is 
allowable provided the projected area of the smaller pipe falls within that of the larger. 
Aligning the inverts of the pipes is probably the most efficient as the manhole bottom 
then supports the bottom of the jet issuing from the upstream pipe. 

When two inflowing laterals mtersect a manhole, the alignment should be quite 
different. If lateral pipes are aligned opposite one another so the jets may impinge upon 
each other, the magnitude of the losses can be extremely high. A design figure for 
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Table 4.1 
Values of Effective Absolute Roughness and 

Friction Formula Coefficients for Closed Conduits 

, 

Conduit Material 

Asbestos Cement Pipe 

Brick 

Effective Absolute 
Roughness 

(Darcy-Weisbach) 
k, ft 

Uncoated (new) 0.00085 

0.001 to 0.01 

0.005 to 0.02 

Asphalt dipped (new) 

Manning's 
n 

- 

1 Cement lined & seal coated 

Concrete (monolithic) 

1 Concrete Pipe 1 0.001 to 0.01 1 0.01 1 to 0.015 1 100to 140 1 

Hazen 
Williams 

C 

0.011 to 0.015 

0.013 to 0.017 

130 

I I I 

0.0004 

Smooth forms 
pp 

Rough forms 

Corrugated Metal Pipe 
(112 x 2 213 inch corrugations) 

100 to 140 

100 

0.001 to 0.01 1 0.011 to 0.015 

0.001 to 0.005 0.012 to 0.014 

0.005 to 0.02 0.015 to 0.017 120 

- 

130 to 150 

I Spun asphalt lined 1 0.03 to 0.01 1 0.01 1 to 0.015 1 1.00 to 140 ( 

115 to 135 

Plain 

Paved invert 

I Plastic Pipe (smooth) I 0.01 1 0.01 1 to 0.015 1 140to150 1 
I Vitrified Clay 1 I 1 I 

0.1 to 0.2 

0.03 to 0.1 

I Pipes 

0.022 to 0.026 

0.018 to 0.022 
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directly opposed laterals is shown in Figure 4.1. although this arrangement should be 
avoided wherever possible. 

If the installation of directly opposed inflow laterals is necessary, the installation of a 
deflector, as shown in Figure 4.1 will result in significantly reduced losses. The research 
conducted on this type deflector is limited to the ratios of D,/D, = 1.25. The tests 
indicate that it would be conservative to assume the coefficient of pressure change at 1.6 
for all flow ratios and pipe diameter ratios when no catch basin is considered, and 1.8 

. ' .::whenbhe,oabh,.ba6infl@,w i.s,;,more'than .10~.percent~.of.Q,. . . .. . ... . 

Lateral inflow pipes should not be located directly opposite; rather, their centerlines 
should be separated laterally by at least the sum of the two lateral pipe diameters. 
Studies have shown that head losses are reduced hy this as compared to directly opposed 
laterals, even with deflectors. Insufficient data has been collected to determine the effect 
of offsetting laterals vertically. 

Shaping Inside of Manhole: Jets issuing from the upstream and lateral pipes must be 
considered when attempting to shape the inside of manholes. 

The tests for full flow revealed that very little, if anything, is gained by shaping the 
bottom of a manhole to conforrn to the pipe invert. Shaping of the invert may even he 
detrimental when lateral flows are involved. as the shaping tends to deflect the jet 
upwards, causing unnecessary head loss. From a practical point of view limited shaping 
of the invert is necessary in order to handle low flows, and to reduce sedimentation. 

Figure 4.1 details several types of deflector devices that have been found efficient in 
reducing losses at junctions and bends. In all cases, the bottoms are flat, or only slightly 
rounded, to handle low flows. Numerous other types of deflectors or shaping of the 
manhole interiors were tested by the University of Missouri. Some of these devices 
whlch were found inefficient are shown in Figure 4.2. The fact that several of these 
inefficient devices would appear to be improvements indicates that special shapings 
deviating from those in Figure 4.1 should be used with caution, possibly only after 
model tests. 

Entrances: Tests indicate that rounding entrances or the use of pipe socket entrances do 
not have the effect on reducing losses that might be expected. Once again, the effect of 
the jet from the upstream pipe must be considered. Specific reductions to the pressure 
change factors are indicated with each design figure. 

4.2.2.8 Catch Basins: Certain specific design procedures are necessary for storm water 
catch basins on systems flowing full. 

The hydraulic grade line must be at least 6 inches below the gutter grade at the catch 
basin to allow the catch hasin to function properly. If there is any possibility of the 
hydraulic grade being above this level, adjustments should be made to lower the 
hydraulic grade line or the inlet should be eliminated in that location The design 
procedures for catch basins can be round in Section 3.3. 
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Directly opposed laterai with deflector 
(head losses are still excessive with this 
method, but are significantly less than 
when no deflector exists.) 

, ~- 

Bend with straight deflector 

Bend with curved deflector 

lnline upstream main and 90" lateral 
with deflector 

Figure 4.1 
Eff~cient Manhole Shaping 

(Unii,ersity of hlissouri) 
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Offset lateral with deflector 

lnline upstream main and 90" lateral 
with divider 

lnline upstream main and 90" lateral 
with deflector 

NOTE: 
Although these modifications look 
like improvements, studies have 
proven these designs to be less 
efficient than the designs in Figure 

Use caution when deviating from 
recommended designs. 

Figure 4.2 
Inefficient Manhole Shaping 

(University of Missouri) 
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4.2.12.9 Debris: In a few areas there may he a high potential for debris which could 
block the storm drain. In situations like these, the governing municipality should be 
contacted ior determining how best to minimize the impact of the debris on the storm 
drain system. 

4.2.2.10 Transition from Large to Small Conduit: As a general rule, stonn drains are 
designed with sizes increasing in the downstream direction. However, when studies 
indicate it may be advisable to decrease the size of a downstream section. the conduit 

- ,maybe  decreasedinsize iwaecardance wi~h:the-fol~owing~~1i&~ta~ions': . .. ~. 

a. For slopes of ,0025 (0.25 percent) or less, only conduits 78 inches and 
greater may be decreased in size a maximum of 6 inches. 

b. For slopes of more than ,0025, only conduits 36 inches and greater may 
be decreased in size. Each reduction is limited to a maximum of 3 inches 
for pipe 48 inches in diameter or smaller, and to a maximum of 6 inches 
for pipe larger than 48 inches in diameter. Reductions exceeding the 
above criteria must have approval from appropriate governing 
municipality. 

The reduction in size must include approved transitions, result in a inore economical 
system. and must be shown not to cause any adverse impacts. 

4.3 Water Surface Profile Calculations 

Presented in this section are the general procedures for hydraulic design and evaluation 
of storm drains. Calculations to check the pressure (hydraulic gradej of water surface 
elevations in the storm drain system begin with a known hydraulic grade elevation at 
some downstream point. To this are added the various losses that occur to determine the 
upstream hydraulic grade elevation. These losses are commonly referred to as minor 
losses or head losses. The procedures for calculating the various head losses are 
presented in Section 4.3.3. 

If the hydraulic grade line is above the pipe crown at the upstream junction, full flow 
calculations may proceed. If the hydraulic grade line is below the pipe crown at the 
upstream junction, then open channel flow calculations must be used. 

'To expedite computations, the storm drain hydraulic grade line elevation determined at 
ajunction should first be compared to the elevation of the top of the downstream pipe 
and the gutter. Because of the usual losses that occur at a junction, the upstream 
hydraulic elevations and the water elevation in the catch basin are generally higher than 
the elevation of the downstream storm drain hydraulic grade line. Comparison to 
limiting conditions will indicate whether the design may or may not be applicable at the 
junctions. 
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In this presentation of design methods, provision is made to identify pipes by use of 
numbered subscripts. The number one (1) is used to identi@ the upstream main pipe. the 
number two (2) is used to identi@ the downstream main pipe, and the nurnber three (3) 
is used for incoming or branching flow. 

4.3.1 Determination of Controlling Water Surface Elevation 

A storm drain designed for pressure conditions may discharge into one of the following: 

a. A body of water such as a retention basin: reservoir, or lake 

b. A natural watercourse or an open channel (either improved or unimproved). 

c. Another closed conduit. 

The controlling water surface elevation at the point of discharge is commonly referred 
to as the control and, for pressure flow, is generally located at the downstream end of 
the conduit. If flow becomes unsealed, the control may be at the first gradebreak 
upstream of the point where unsealing occurs or. under certain conditions, may be 
farther upstream. 

The hydraulic grade line elevation for the receiving facility that coincides with the peak 
flow from the storm drain inust be determined. In general the two types of controls are 
possible for a conduit on a mild slope are: 

1. Control elevation above the soffit elevation. In such situations the 
control shall conform to the following criteria: 

a. In the case of a conduit discharging into a retention basin the 
control shall be the retention basin water surface elevation 
coinciding with the peak flow from the conduit. 

b. In the case of a conduit discharging into an open channel, the 
control shall be the water surface elevation of the channel 
coinciding with the peak flow from the conduit. 

c. In the case of a conduit discharging into another conduit, the 
control shall be the highest hydraulic grade line elevation of the 
outlet conduit immediately upstream or downstream of the 
confluence. 

2. Control elevation at or below the softit elevation. The control shall be 
the soffit elevation at the point of discharge. This condition may occur 
in any one of the situations described earlier. 
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1.3.9, Cnstructions for Hydraulic Calculations 

Moat psoced~~res for calculallng hydraulic grade line profiles are based on the Bernoulli 
equai!on and can he expressed as: 

'The vcinous terms used in equation 4.1 are identified in Figilre 3.3. Minor losses have 
been included in the Bernoulli equation because of their importance in calculating 
hydraulic grade line profiles. 

The general procedure for the hydraulic calculations is to establish the downstream 
control elevation. From there the hydraulic calculations proceed upstream from point 
of interest to point of interest. For example, from one junction to another junction or 
from a junction to the beginning of a bend. At the lower end of each point of interest the 
pipe friction losses from the downstream section are added to the downstream hydraulic 
grade line. The losses through the point of interest are added at the upstream end of the 
point of interest. The procedures for calculating the various losses encountered in a 
storm drain system are presented in Section 4.3.3. Figure 4.4 may be used to assist in 
the accounting and computing of the losses. As depicted, Y, and Y, include the pressure 
colnponcnts since they are above the soffit. 

- .- 

.L 
v,Z/2g : \.--. Energy Grade Line 

----. .?. T ._ -/ . i 

-1 
v 

t ------, Hydraulic Grade Line 
! Ii...~~~.... f 
I -1. 
I ----. 

A 

Figure 4.3 
Definition of Terms Used in Storm Drain Hydraulic Calculations 

iL.os Angeles County Fler,d Contn~l District, 1983) 

- - 
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Figure 4.4 
Hydraulic Grade Line Calculation Sheet 
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Equation 4.2 is a simplification of a more complex equation and is a convenient method 
for locating the approxim;ite point where pressure flow may become unsealed is derived 
hy substituting specific energy (E) for the quantity V2/2g t- Y in Equation 4.1 and 
rea~~anging ?he rcsults. For S, use the average friction slope betwecn the two points of 
interest. 

4.3.3 Head Losses 

The head losses that need to be determined arc: friction, transition, junction, manhole, 
and bend. These losses need to be determined individually and then added together to 
determine the overall head loss for each segment of the storm drain. The methods for 
determining the various head losses presented in this section were selected for their wide 
acceptance and ease of use. 

4.3.3.1 Friction Loss: Friction losses for closed conduits carrying storm water, 
including pump station discharge lines, will be calculated from Manning's equation or 
a derivation ihereof. The Manning's equation is commonly expressed as follows: 

using, 

and the continuity equation with V=Q/A, the equation for determing the pipe friction 
slope can be expressed as, 

The value of K is dependent only upon the roughness coefficient (n) for the pipe. The 
Manning's n values for various pipe materials are givcn in Table 4.1. 
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The loss of head due to friction throughout the length of reach (L) is calculated by: 

h,. = S,.L (4.6) 

4.3.3.2 Transition Losses: Figure 4.5 shows the two types of transitions that can be 
, . : ..ema@@nta&, ~ e a ~ ~ ~ ~ s ~ ~ ~ ~ e ~ o ~ ~ t ~ e , , ~ ~ p ~ ~ @ i ~ n ~ ~ f l ~ w . ~ i ~ ~ ~ ~ r ~ @ ~  as: -, .. . -. ~ . . 

The values for the transition coefficient, k,, for gradual enlargements are given in Table 
4.2. For sudden enlargements use Table 4.3. 

The head loss due to the contraction of flow is expressed as: 

A) Contraction B) Expansion 

Figure 4.5 
Transition Loss 

(ASCE, 1992) 
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Table 4.2 
Coefficient k, for Gradual Enlargement 

(AISI. 1980) 

Table 4.3 
Coefficient k, for Sudden Enlargement 

(IZISI, 1980) 

January 28,1996 4-15 

D , D ,  

1.2 

1.4 

Velocity, V, ? ftls 

2 

.11 

.26 

3 

.10 

.2h 

6 

.10 

.24 

12 

.09 

.2 i  

4 

.10 ------- 

.25 

7 

.10 

.24 

5 

. I0 

.24 

40 

.08 1 

.20 

8 

.I0 

.24 

15 

.09 

.22 

10 

.09 

.23 

20 

.09 ------ 

.22 

30 

.09 

.21 



Drainage Design Manual for Maricopa County, Volume 11, Hydraulics 

4.3.3.3 Junction and Manhole Losses: A junction occurs where one or more lateral 
enters the main storm drain, usually at a manhole. Multiple pipes coming together at a 
junction should flow together smoothly to avoid high head losses. Figure 4.6 shows a 
typical junction 

Table 4.4 
Coefficient for Contraction, kc 

(AISI, 1980) 

The head loss due to the junction for a single lateral can be expressed as: 

3.0 

4.0 

5.0 

( A ,  + A , )  4?; Q: Q," 
( h j  + Dl - D , )  - - - -  - - - cos e 

2 A,g  A1g A3g 

And for the situation of lnultiple laterals: 

(A1  + A , )  - Q; Q," _ - Q: cos 0 ,  Q4' cos 8 ,  
(hi + Dl - D , )  - -  - - 

2 
(4.9bj 

A,g  A l g  A3g A4 g  
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\ . , , . . , ,~ . ., . ,"_'".% I.. ' _  / 1 _ ,  . , > ,  ~~ 

Figure 4.6 
Junction Loss 

Marzhole with a Bend: The head loss in a manhole with a bend is determined using 
quat ion  4.10. The bend loss coefficient. k,. can be determined using Figure 4.7. 

Sfraigf~d-Through Manhole: In a straight-through manhole where there is no change 
in pipe ~ i z e ,  or rate of flow, the loss can be estimated by: 
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4.3.3.4 Bend Loss: Fnr bends that occur outside of a manhole the addilional loss due 
to the bend is calculated using equation 4.12. 

.Fhe:value'oS the.bend *l~ss:coeffl~ient;. k,:;depmdvupenthe 2angle.and sharpness.-ofthe 
bend and can be determined from Figure 4.7 for values of cx not exceeding 90 degrees. 
Where cx is the central angle of the bend in degrees. 

Bend losses should be included ror all closed conduits, those flowing partially full as 
well as those flowing full. 

There are many computer programs available to help in the design of storm drain 
systems. These programs may use different methods to determine the various losses than 
those presented in this chapter. Therefore, the designer of the storm drain system should 
check with the governing municipality before using a particular program. 

4.4 Design Reauirements for Maintenance and Access 

4.4.1 Manholes 

4.4.1.1 Spacing: 

Conduit diameter 30 inches or smaller: Manholes shall be spaced at intervals of 
approximately 300 feet. Where the proposed conduit is less than 30 inches in diameter 
and the horizontal alignment has numerous bends or angle points, the manhole spacing 
will be reduced to 200 feet, or less. 

Conduit diameter lurger than 30 inches but smaller than 48 inches: Manholes shall 
be spaced at intervals of approximately 400 feet. 

Conduit diameter 48 inches or larger: Manholes shall be spaced at intervals of 
approximately 500 feet. 

The spacing requirements shown above apply regardless of design velocities. Deviations from 
the above criteria shall be subject lo approval from ihe appropriate governing municipality. 
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Figure 4.7 
Bend 1,oss Coefficient 

(University of Missouri, 1958) 
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4.4.1.2 Location: In sltuatlons where the proposed conduit is to be aligned both in 
easement and in street right of way, manholes should be located in street right of way, 
wherever possible. Manholes shall not be located in intersections except for access to 
a junction structure. 

Manholes shall be located as close to changes in the grade as feasible when the 
following conditions exist: 

. . : ,s : . . . .,a, :.: .- ...-W,hen.Phe ~wps$ream- C:o~duit:,as.:a fit.eqerosaope .&an.& downstrealn. .. . 
conduit and the change in grade is greater than 10 percent, because 
sediment tends to deposit at the point where the change in grade occurs. 

b. Where a transition to a smaller downstream conduit occurs due to an 
abruptly steeper slope downstream, since debris tends to accumulate at 
the point of transition. 

4.4.1.3 Design: Manholes shall be designed to minimize head losses as much as 
possible. For systems flowing full with a velocity of 20 ftls or greater, or with 
supercritical flow in a partially full pipe, the total horizontal angle of divergence or 
convergence between the walls of the manhole and its center line should not exceed 10". 

4.4.1.4 Pressure Manholes: A pressure manhole shaft and a pressure frame and cover 
shall be installed in a pipe or box storm drain whenever the design water surface is 
higher than, or within 6 inches of thc top of the manhole cover. In cases where the flow 
in the storm drain could exceed the design Q. and the water surface for the higher Q 
could produce a water surface above the top of the manhole cover, a pressure manhole 
shaft and a pressure frame and cover must be installed. 

4.4.2.1 Inlets into Main Line Drains: Lateral pipe entering a main line pipe storm 
drain generally shall be connected radially. Lateral pipe entering a main line box 
structure shall conform to the following: 

a. Lateral pipe 24 inches or less in diameter shall be no more than five feet 
above the invert. 

b. Lateral pipe 27 inches or larger in diameter shall be no more than 18 
inches above the invert, with the exception that catch basin connector 
pipe less than 50 feet in length may be no more than five feet above the 
invert. 

Exceptions to the above requirements may be permitted where it can be shown that the 
cost of bringing laterals into a main line box conduit in conformance with the above 
requirements would be excessive. 
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4.4.2.2 Inlet Structures: in general the interception of flow iiom a natural watercourse 
directly into a storm drain system must be avoided. If avoiding this situation isn't 
possible, then ZI ii~lct structu~:c must be provided and strong consideration has to be 
given to the use of a debris or scdimen~ basin. The inlet structure should generally 
consist of a headwall, wingwalls to protect the adjaccnt hanks froill erosion, arid a paved 
inlet apron. Wall heights should conform to the height of the water upstream of the inlet, 
and he adequate to l~rotect both the fill over the drain and the embankments. Headwall 
and wingwall fencing and the District's Standard protection barrier or trash rack rnust 

. . )he prwided:'~ ,pftevent puhl+ce;nt~.T~e;,trash.rackshou,ld la@.used:.fir~inlets 4B-inohes : , , 

(diameter or width) and smaller. For inlets larger than 48-inches a special designed tsash 
rack may be required. Section 5.3 provides morc details on entrances and outlets for 
storm drains. See Sections 5.2.2.13 and 6.3.2.4 for inore information on safety and 
fencing. 

4.4.2.3 Outlet Structures: When a storm drill  outlets into a natural channel, an outlet 
structure must be provided which prevents erosion and property damage. Velocity of 
flow at the outlet should agree as closely as possible with the existing channel velocity. 
Fencing and a protection barrier should be provided. 

a. When the discharge velocity is low, or subcritical: the outlet structure - .. 
shall consist of a headwall, wingwalls, and an apron. The apron may 
consist of n concrete slab, or grouted rock. 

b. When the discharge velocity is high, or supercritical, the designer shall, 
in addition, consider bank protection in the vicinity of the outlet and an 
energy dissipator structure. 

Sections 5.3 and 7 4 have more information on entrances and outlets for storm drains. 

4.4.2.4 Protection Barriers and Trash Racks: A protection barrier is a means of 
preventing people and animals fro111 entering storm drains. Protection barriers may 
consist of large, heavy breakaway gates: single horizontal bass across catch basin 
openings, or chain link fencing around an inlet or an exposed outlet. See section 5.2.2.11 
for more information on trash racks. 

4.5 Rational Method for Sizing Storm Drain Systems 

This section provides a method of estimating the flows needed to size a storm drain 
system using the Rational Equation. Q = CIA, as it is defined in Volume I of the 
DI-ainuge Design Manual (see also steps 8 through 11). The time of concentration (T,), 
for the storm drain system at the location of each catch basin must be calculated a 
minimum of two ways. The time of concentration for the above ground portion of flow 
must be determined, as well as the time of concentratior~ for flow through the storm 
kain  system. It shorcld be stressed that the Raliorzal Method was or-igirzally developed 
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to estirnate rurzoff fiDm small areas and that the peak gerzerated by the Ratiorzal 
Method carznot be hj~drolo,picall~~ routed. 

The desigrxr shnuld proceed with the final hydraulic design of the system only after: 

The preliminary niinor system design is completed and checked for its 
interaction with the major runoff: 

Hydrological assumptions are verified; and 

- Final data is obtained on street grades. elevations, and potentially conflicting 
utilities. 

The following paragraphs provide an outline of the Storm Drain 3,ysteln - Prelimirzar); 
Desigrz Data Fonn, Figure 4.8, which was created to help the designer estimate flows 
for storm drain siz,ing. This form is for the average situation and variations will often be 
necessary to fit actual field conditions. 

I .  Location of Desigrz Point: Determine design point location and list. This 
design polnt should correspond to the subbasin illustrated on the preliminary 
layout map. 

2. Basins: List basins contributing runoff to this point which have not previously 
been analyzed. 

3. Length, St: Enter length of flow path between previous design point and 
design point under consideration. 

4. Inlet Tirne, minutes: Determine the inlet time in minutes for the particular 
design point. For the first design point on a system, the inlet time will be equal 
to the time of concentration. For subsequent design points, inlet time should 
also be tabulated to determine if it may be of longer duration than the 
accumulated time of concentration from upstream basins. If the inlet time 
exceeds the time of concentration from the upstreani basin, and the area 
tributary to the inlet is of sufficieiit magnitude, the longer inlet time should be 
substituted for time of concentration and used for this and subsequent basins. 

5. Street Flow Tillre, minutes: Enter the appropriate flow time between the 
previous design point and the design point under consideration. The flow time 
of the street should be used if a significant portion of the flow from the above 
basin is carried in the street. 

6. Pipe Flow Tirr~e, minutes: Pipe flow time should generally be used unless 
there is significant carry-over from the above basins in the street (column 
3/(column 22)(60)). 
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% Tirtze qf'C:olrcentrah'o)z, ininutes: The time of concentmtion is either for the 
above ground portion of flow to the inlet time, or the summation of the 
previous design point's time of concentration and the intervening flow time, 
whichever produces the greater peak discharge. 

8. Coeflicierzt "C": Rational Method Runoff Coefficient, "C;" from the 
Drairirzge Design ~Wanual for Maricopn County, Vol~~rne I, Hydrology (FCD 
1992. Table 3.E), for the basins listed in Column 2 should be determined and 

, . li9trted: The .'"C"fv$l:lue .ghouJd %e .wejhted.-if the-basins- conrain .areas with 5 

diffcrent "C" value,s. 

9. Intensity "I," inches/h.our: The intensity to be applied to the basins is 
obtaincd from the time-intensity-frequency curve developed for the specific 
area based upon the depth-duration-frequency curves in Drainage Design 
A.lan~tal for Mn~icopn Co~ciiQ l'ohtme I, hydro log)^. The intensity is 
determined from the time of concentration as described in item number 7, and 
the design frequency for this particular design point. 

10. Area, "A," acre: The area of the basins (in acres) listed in Column 2 is 
tabulated here. Subtract ponding areas which do not contribute to direct runoff 
such as rooftop and parking lot ponding areas. 

11. Direct Runoff "Q,"c& Direct runoff from the tributary basins listed in 
Column 2 is calculated and tabulated here by multiplying Columns 8. 9, and 
10 logcther. 

12. Other Runoff, cfs: Runoff from other sources, such as controlled releases 
from rooftops, parking lots. base flows from groundwater, and any other 
source, is listed here. List the bypass discharge, if any, with a " - ' I  in front. 

13. Surnrnatiorz Rurzoff, cfs: The total of runoff from the previous design point 
summation plus the incremental runoff listcd in Columns 11 and 12 is listed 
here. 

14. Street Slope, percent: The proposed street slope is listed in this column. 

15. Street Allo~vahle Capacily, cfs: The allowable capacity for the street 1s listed 
in this column. Allowable capacities should be calculated In accordai~ce with 
procedures set forth in Section 3.2. 

16. Pipe Slope, percent: List the proposed pipe grade 

17. Pipe Size, inches: List the required pipe size to convey the quantity of flow 
necessaly in the pipe. 

18. Pipe Capacity, cfs: List thc capacity of the pipe flowing full with the slope 
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expressed in C o l ~ m n  16 

19. StreetDesign, cfs: Tabulate the quantity of flow to be carried in the street. 

20. Street Velocity, fps: List the actual velocity of flow for the volume of runoff 
to bc carried in the street. 

21. Pipe Uesigiz, cfs: List the quantity of flow determined to be carried in the pipe. 
, ,  . . , , 

22. Pipe Velocity,fis: Tabulate the actual velocity of flow in the pipe for design. 

23. Remarks: Include any remarks or comments whicli may affect or explain the 
design. The allowable quantity of carry-over across the street intersections 
should often be listed for the minor design storm. When routing the niajor 
storm through the system; required elevations for adjacent buildings can often 
be listed in this colunm. 
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5.1 Definition of Symbols 

The following symbols will be used in equations throughout Chapter 5. 

D - - 
D.I. = 
EL, = 
EL,, = 

F, - - 

g - - 
H - - 

H b  
- - 

H, 
- - 

H! 
- - 

H, - - 
H" - - 
H W  = 
HW, = 

h" - - 

h, - - 

h, 
- - 

Kb 
- - 

Angle of bar grate with respect to the horizontal, degrees 
Angle between outfall and lateral at a junction, degrees 
Density of fluid 
Critical tractive shear stress, lb/ft2 
Angle of approach, degrees 
Area of the barrel, ft2 
Embankment overtopping discharge coefficient 
Critical depth, f t  
Diameter of a rock particle for which 50% of the gradation is finer by 
weight (other percentages may also be used) 
Pipe culvert diameter or box culvert depth, ft 
Discharge intensity 
Invert elevation at the outlet, ft 
Outlet control headwater elevation, ft  
Froude number 
Acceleration due to gravity, 32.2 ft/s2 
Sum of inlet loss, friction loss, and velocity head in a culvert, ft 
Head loss through a bend of a culvert, ft 
Head loss through a trash rack, ft 
Head loss through a junction, ft 
Head loss due to turning flow at a headwall, ft 
Velocity head, ft 
Depth from inlet invert to upstream total energy grade line, ft 
Flow depth above the roadway, ft 
Height of hydraulic grade line above outlet invert, ft 
Depth of scour, ft 
Height of tailwater above crown of submerged road, it 
Bend loss coefficient 
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Entrance loss coefficient 
Diinensionless bar shape factor 
Submergence factor 
Actual length of culvert, it 
Adjusted culvert length, f t  
Length of apron, ft 
Length of roadway crest along the roadway, ft 
Length of scour, ft 

--*Lengthmf.srour basin, f t  
Length of overflow sections along embankment, ft 
Manning's n value 
Desired Manning's n value 
Plasticity index 
Rate of flow, cfs 
Rate of flow overtopping roadway, cis 
Modified shear number (pVZ/t,) 
Saturated shear strength, lb/in2 
Tailwater depth measured from culvert outlet invert, ft 
Time in minutes 
Base time used in experiments to derive scour coefficients a, p, and 8 ,  use 
3 16 minutes unless specified otherwise 
Velocity, ftls 
Approach velocity, ftls 
Velocity between the bars of a trash rack, ftls 
Volume of scour, fl 
Width of apron, ft  
Width of scour, ft 
Maximum cross-sectional width of the bars facing the flow, A 
Minimum clear spacing between bars, ft 
Change in hydraulic grade line through the junction, ft 
Equivalent depth, ft 
Depth of scour, ft 

5.2 Culverts 

The charts and procedures for culvert design used in this manual are taken from the 
Federal Highway Administration Hydraulic Design Series Number 5, Hydraulic Design 
of Highway Culverts. Culvert designers use this reference liberally as it is the result of 
years of research and experience in culvert design and at this time represents the state 
of the art. 
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5.2.1 KnAraction of Culverts with Other Systems 

C:ulverts are primarily used for conveying runoff through a roadway embankment. They 
are normally aligned with a natural wash or drainage channel, which are often outfalls 
for storm drainage systems. Culverts are typically associated with drains on such a scale 
where bridges are not feasible. Regional drains are generally of a magnitude that 
jnstifies the use of bridges. 

5,2.2 Culvert Design Criteria 

5.2.2.1 Sizing: 

Culverts for collector and arterial streets are to he designed to convey at least the 50- 
year peak discharge with no flow crossing over the roadway. 

5.2.2.2 Minimum Velocity: A minimum velocity of 3.0 feet per second at design 
capacity is recommended to assure a self-cleaning condition during partial depth flow. 

5.2.2.3 Maximum Velocity: As a practical limit: outlet velocities should be kept below 
15 feet per second unless special conditions exist. The maximum velocity should be 
consistent with channel stability requirements at the culvert outlet. As outlet velocities 
increase, the need for channel stabilization at the culvert outlet increases. If culvert 
outlet velocities exceed permissible velocities for the outlet channel lining material, 
suitable outlet protection must be provided. Outlet velocities may exceed permissible 
downstream channel velocities by up to 10 percent without providing outlet protection 
if the culvert tailwater depth is greater than the culvert critical depth of flow under 
design flow conditions. Tables 6.1, 6.2 and 6.3 (pages 6-1 1, 6-12, and 6-15) outline the 
permissible velocities for several channel lining materials. 

5.2.2.4 Materials: The selection of a culvert material may depend upon structural 
strength, hydraulic roughness. durability, and corrosion and abrasion resistance. The 
three inost common culvert materials are concrete (reinforced and nonreinforced), 
corrugated aluminum, and corrugated steel. Culverts may also be lined with other 
materials to inhibit corrosion and abrasion. Linings are not recommended to reduce 
hydraulic resistance because culvert linings have a short life span and are seldom 
reapplied as part of nomlal culvert maintenance. When linings are applied, the culvert 
sizing should neglect the reduced roughness from the lining material. 

5.2.2.5 Minimum Cover: Minimum cover of fill over culverts must be provided to 
maintain the structural integrity of the pipe under anticipated loading conditions. Culvert 
manufacturers provide minimum cover requirements for prefabricated pipe. A rule of 
thumb for estimating minimum cover requirements is to provide one-eighth of the barrel 
diameter or span, with a minimum of 1 foot. The top of culverts should not extend into 



Drainage Design Manual for Maricopa County, Volume 11, Hydraulics 

the roadway subgrade. Minimum cover should be measured from the top of subgrade 
which is the bottom of the pavement structural section. 

5.2.2.6 Depth for Road Crossing: 

Culverts for collector and arterial streets are to be designed to convey at least the 
50-year peak discharge with no flow crossing over the roadway. Additionally, the 

I flow depth over the roadway shall be limited to 0.5 feet for the 100-year peak 
discharge. 

Regardless of the size of the culvert, street crossings shall be designed to convey the 
100-year storm runoff under andlor over the road to an area downstream of the crossing 
to which the flow would have gone in the absence of the street crossing. Flows up to and 
including the 100-year frequency event should not cause increased flooding to adjacent 
property or buildings, unless a drainage easement is acquired for those areas. The 
ponded headwater elevation should be delineated on a contour map, or other surveying 
methods used to identify the area inundated by the ponded water. 

In general, dip sections are not allowed. However, for flows crossing broad shallow 
washes where the construction of a culvert is not practical or desirable, the road may be 
dipped to allow the entire flow to cross the road. Use of dip sections must be approved 
by the governing municipality. The pavement through the dip section should have a one 
way slope parallel to flow and curbs and medians must not be raised. Upstream and 
downstream cutoff walls and aprons should be provided to minimize headcutting and 
erosion. 

5.2.2.7 Scour and Sedimentation: 

Possible aggradation or degradation at culvert crossings must be examined in the 
design of culverts. 

An adequate system of culvert design involves passing drainage water and sediment 
from the upstream regime condition of the channel crossing without upsetting the 
delicate balance between hydraulics and sediment transport flow. 

The effects of scour and deposition should be minimized by protecting the outlet from 
scour with suitable outlet protection measures and reducing sedimentation problems by 
avoiding inlets depressed below the natural channel flowline and multi-barrel 
installations that reduce the channel velocity for low flows. Culverts which are located 
on and aligned with the natural channel are less susceptible to sedimentation problems. 

5.2.2.8 Skewed Channels: A good culvert design is one that limits the hydraulic and 
environmental stress placed on the existing natural water course. This stress can be 
minimized by designing a culvert which closely conforms to the natural stream in 
alignment, grade, and width. 
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Often the culvert hmei  rr~ust be skewed with respect lo the roadway centerline to 
accomplish these gu;ls. Aiteratrons to the normdl inlet alignment are also quite 
common. 

The alignment of a cuivert barrel w ~ t h  respect to a line nonnal to the roadway centerline 
is referred to as the barrel skew angle. A culvert aligned normal to the roadwav 
centerline has a zero harrel skew angle. Directions (right or left) must accompany the 
harrel skew angle (Figure 5.1). 

The barrel skew is established from the stream location and the proposed or existing 
roadway plan. The advantages of using a natural stream alignment include a reduction 
of enrrance losses, equal depths of scour at the footings, less sedimentation in 
multibarrel culverts, and less excavation. The disadvantage of this design procedure is 
that the inlet may be skewed with respect to rhe culvert barrel and the culvert will be 
longer, sometimes resulting in increased initial costs. 

The angle from the culvert face to a line normal to the culvert barel is referred to as the 
inlet skew angie (Figure 5.2). The structural inlegrity of circular sections is 
compromised when the in1et:is skewed due to loss of a portion of the full circular sec~ion 
where a portion of the culvert barrel extends beyond ihe full section. Alrhough concrete 
headwalls help stabilize the pipe section, structural considerations should not be 
overlooked in the design of skewed inlets. 

Culverts which have a harrel skew angle often have an inlet skew angle as well. This is 
hecause headwalls are generally constructed parallel to a roadway centerline to avoid 
warping of the embankment fill. 

LEFT SKEW A N q  

../ 

Figure 5.1 
Barrel Skew Angle 

(TJSDOT, FHWA, HDS-5, 3985) 
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Figure 5.2 
Inlet Skew Angle 

(USDOT, FHWA, HDS-5, 1985) 

In cases where the culvert barrel cannot be aligned with the channel flowline, such as 
when runoff is directed parallel to the roadway embankment to a suitable crossing 
location, the flow enters the culvert barrel at an angle. The approach angle should be 
limited to a maximum of 90 degrees. When high velocities exist, inlet losses resulting 
from turning the flow into the culvert should be considered. If backwater computations 
a-e not employed and the approach channel velocity is 6 feet per second or greater, the 
following equation should be used to estimate the loss. The loss should be added to the 
other inlet losses in the culvert design computation. if they aren't included in the 
appropriate nomographs. 

Typical headwalliwingwall configurations for skewed channels are shown in Figure 5.3. 

5.2.2.9 Bends: A straight culvert alignment is desirable to avoid clogging, increased 
constmction costs, and reduced hydraulic efficiency. However, site conditions may 
dictate a change of alignment, either in plan or in profile. When considering a nonlinear 
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FLOW NORMAL i C  EhSEANKMENT 

F[..';W SKEWEO TO i I ? d i ' ~ i ~ ~ ! i M E l \ i T  

FLOW :?.4RALLEL TO EME4NKMENi  

FLOW AND CUI-VEKT SKE'IjED 
TO EMEANKMENT 

Figure 5.3 
Typical HeadwalllCVingwall Configurations 

- 
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Figure 5.4 
"Broken B a c k  Culvert 

(USDOT, FHWA, HDS-5, 1985) 

culvert alignment, particular attention should be given to erosion, sedimentation, and 
debris control. Vertical bends are permitted when they transition from a flatter to a 
steeper slope, but should not transition from steeper to flatter slopes because of the 
potential for sediment deposition in the flatter reach. 

In designing a nonlinear culvert, the energy losses due LO the hends must be considered. 
If the culvert operates in inlet control: no increase in headwater occurs unless the bend 
losses cause the culvert to flow under outlet control. If the culvert operates in outlet 
control, an increase in energy losses and headwater will result due to the bend losses. 
To minimize these losses, the culvert should be curved or have bends not exceeding 15 
degrees at intervals of not less than 50 feet. Under these conditions. bend losses can be 
ignored. 

If these conditions cannot he met. analysis of bend losses is required. Bend losses are 
a function o i  the velocity head in the culvert barrel. To calculate bend losses. use the 
following equation: 

H, is added to the other outlet losses. Figure 4.6 (page 3-17) can be used to determine 
loss coefficients (K,,) for bend losses in conduits flowing full. 

The broken back culvert. shown in Figure 5.4. has four poss~ble control sections: the 
inlet. the outlet, and the two bends. 
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'The upstrcan bend 1na.y act as a conlrol section, with the flow passing through critical 
depth just iqstream of the bend. In this case, tlie upstream section of the culvert operates 
in ouliet conrrol arid the downstream iection operates in inlet control. Outlet control 
calculation procedures can be applied to the upstrean barrel, assuming critical depth at 
~!ie bend. to obtain a headwater e1eva:;ori. This elevation is then compared with the inlet 
and uatlet ioniro! headwater e1evat:ions lor :he overall culvert. The controlling flow 
conditioii produces the highest headwater elevation. Control at the lower bend is very 
unlikely and that possible con!rol section can be ignored except for the bend losses in 

,!outlet control. , 
, . .  , . .  

5.2.2.10 .Junctions: Flow from two or more separate culverts or storm sewers may be 
combined at a junction into a single culvert barrel. For example, a tributary and a main 
stream intersecting at a roadway crossing can be accoinmodated by a culvert junction 
(Figure 5.5). 

L.oss of head may be important in the hydraulic design of a culvert containing ajunction. 
Attention should be given to streamlining the junction to minimize turbulence and head 
loss. Also, timing of peak flows from the two branches should be considered in 
analyzing flow conditions and control. When possible, the tributary flow should be 
released downslream of the culvert barrel. When this is not practical, the following 
procedure shmild be used to estimate the losses. 

For a culvert bare l  operating in outlet control and flowing full, the junction loss is 
calculated using the equatior~s given below. The loss is then added to the other outlet 
control losses. 

i . .  1 -- - - 
PlPE 2 PlPE ' 

Figure 5.5 
Culvert Junction 

(USDOT, FHWA, HDS-5, 1985) 
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The forn~ula r'or :i' is bayed on momentum considerations and is as follows: 

The subscripts I .  2, and 3 refer to the outlet pipe, the upstream pipe, and the lateral pipe 
srespectkvely . . . ,s . , , , . . I.u , ..- . . . . 

5.2.2.11: Trash Ibcks: For trash racks with approach velocities less than 3 fps, it is not 
necessary to include a loss for the trash rack; however, for velocities greater than 3 fps, 
such computations are required. 

Trash racks can promote debris buildup and the subsequent reduction of hydraulic 
performance. Thorough anaylsis of this potential should be undertaken prior to their use. 
Depending on the anticipated volume and size of the debris an open area between the 
bars of 1.5 to 3.0 times the area of the culvert entrance should be provided. 

Trash rack losses are a function of velocity, bar thickness, bar spacing, and orientation 
of the flow entering the rack, the latter condition being an important factor. Trash racks 
with bars oriented horizontally are not permitted, and horizontal bars used to support 
vertically oriented bars should be as small as practical and kept to the minimum required 
to meet structural requirements. 

The expected loss from a trash rack is greatly affected by the approach angle. The loss 
computed by Equation 5.5 should be multiplied by the appropriate value from Table 5.1, 
when the approach channel and culvert are at an angle lo each other. 

Table 5.1 
Loss Factors for Approach Angle Skewed to Entrance 
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40 
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5.2.2.12 Flotation and Anchorage: Flolation is the term used LO describe the failure of 
a culvert due to the uplift forces caused by buoyancy. The buoyant force is produced 
from a combination of high head on the outside of the inlet and the large region of low 
pressure on the inside of the inlet caused by flow separation. As a result, a large bending 
moment is exerted on the end of the culvert. This problem has been noted in the case of 
culverts under high head, with shallow cover, on steep slopes. and with projecting inlets. 
The phenonlcnon can also be caused by debris blocking the culvert end or by damage 

, . t o  theinlet.:T11e~reswlting~~u~1i~f~ma~:cawse:the~imlet ends of the. barrel to riseand bend. - A 

Occas~onally, the uplift force is great enough to d~dodge  the embankment. Generally. 
flexlble barrel materials are more vulnerable to fallure of t h s  type because of their light . . - 
weight and lack of resistance to longitudinal bending. Large, projecting, or mitered 
corrugated metal culverts are the most susceptible. 

A number of precautions can be taken by the designer to guard against flotation. Steep 
slopes (1 to 1 or steeper) of adequate height: which are protected against erosion by 
slope paving or head walls, help inlet and outlet stability. When embankment fill heights 
are less than 1.5 times the pipe diameter or fill slopes are flatter than 1 to 1. flexible pipe 
installations should be provided with concrete headwalls for dead load, and rigid pipe 
installations susceptible to separation at the joints should be protected with tie bars. 
Limiting headwater buildup also helps prelent flotation. It is desirable to limit design 
headwater depths to 1.5 times the culvert height. 

5.2.2.13 Safety: The issue of safety includes the following principals: 

1. Stormwater naturally accumulates, frequently in amounts that present hazards 
to property, traffic, and life and health. 

2. Because of the accumulation of stormwater, certain levels of hazards cannot be 
eliminated. 

3. Stormwater frequently carries substantial amounts of debris that can threaten the 
hydraulic capacity of drainage facilities. 

4. Devices placed on drainage facilities to restrict access by pedestrians will also 
restrict hydraulic capacity. 

5. Multipurpose uses of many conduits are desirable, may provide safer day to day 
conditions. and require relatively easy pedestrian access to drainage works in 
order to be effectively used (trash racks would preclude this use). 

During design, culvert entrances may require additional consideration for safety and for 
debris transported by stormwaters. Frequently: trash collection devices are also used as 
safety devices. The need for trash collection or saCety devices should be determined 
during planning a id  before the design of drainage facilities. It is rare that cost-effective 
trash collectors can be retroactively added without a reduction of intended system design 
capacity. In any case, it is not a good policy for a failure of protection devices for 
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humans to result 111 inore ploperl> damage or greater haz.ards to traffic than would have 
happened if the protection dev~ces were not used. 

Safety devices can be divided into two type< (U.S. Bureau of Reclamation): 

Category I - Devices that Limit or Deter Access 

* Fencing 

Guard ra~ls 

Warning signs 

Pipe safety barriers 

Category I1 - Devices that Perniit Escape 

Safety nets 

Safety cables 

Safety racks 

* Safety ladders 

An important distinction between these two categories is that Category 11, Safety 
Devices, may also impede the flow of stormwater Into or though drainage facilities. 
There are three categories of safety to consider: 

1. Life and Health 

2. Traffic 

3. Property 

Primary safety issues are life and health safety; however, protection of traffic and 
property are also concerns. Life and health hazards are classified according to Table 5.2. 

From Table 5.2, all of the Phoenix Metropolitan Area would be categorized by classes 
A, B. or C. Considering growth potential, there are probably few areas of the county that 
a classification of less than class B should be considered. Safety for drainage facilities 
should be considered for both dry weather and runoff conditions. Dry weather hazards 
include traffic and personal safety. Examples of traffic hazards include: improper 
placement of guard rails on structures: unprotected drops at structures located near 
roads: and grading which promotes vehicle rollovers. 
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Table 5.2 
<:lassification of Hazard Exposures 

(U.S. Bureau of Reclamation) 

Class I *IYrd I Nearby Activities 

A : 

Waterways nearby or adjacent to farms or highways which could be 
subject to visits by children seeking recreation. 

'Waterways adjacent-to schofllo'ls a n d  .recreational areas, such  as^ 

playg~ounds, subject to frequent visits by children. 

H 

D Waterways far removed from any dwelling, subject to infrequent visits 
1 by operating personnel and an occasional sportsmen. 

- 

Waterways nearby or adjacent to urban areas or highways and subject to 
frequent visits by the public. 

1 E 1 Wateri\:ays that would be a hazard to domesticated animals, 1 
1 F 

Waterways that would be an extreme hazard to big game animals. 1 

During large storm events, people will sometimes walk or play in water that can carry 
them to drainage structures which are dangerous during ilood conditions. Or, worse, 
purposely boat or float in drainage facilities during high runoff levels with the same 
results. It is not possible to develop drainage facilities that are totally safe, that will 
preclude people from doing unintelligent acts, and that will also be hydraulically 
efficient. These objectives are, for the most part, mutually exclusive. However. 
reasonable levels of protection can be provided to people exercising reasonable 
judgement even when the structure is performing its primary function: i.e.. efficiently 
passing storm water. 

The basic concept of this proposed approach to safety is to apply more restrictive 
measures as hazards increase. The pri~uary purpose for constructing drainage facilities 
is the efficient conveyance of stormwater to minimize property damage and to permit 
traffic flow across and parallel to drainages; therefore, safety in this context will refer 
to protection from life and health hazards. 
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Ii  When any of the following conditions are met, trash racks will be required on the 
entrances to all conduits in areas of Class A or B hazard as determined from Table 11 

Conduits smaller than 7 feet in diameter, longer than 100 feet in length, or 
without 12-inches of freeboard at the design flow rate. 

Conduits with energy dissipaters at the end. 

5.2: 

When a conduit outfalls into a channel with side slopes steeper than 
4(H): I(V) for concrete, grass and earth linings, and 3(H):l(V) for riprap 
linings. 

. . , . ,  . . . , ~  , . , , , , , . , <  

I )) Conduits being used as oullets from multiple-use detention facilities. I1 

.., 

Conduits with sufficient bend that the opposite end cannot be clearly seen. ( 1  

A plugg~ng factor of 50 percent will be used on all trash racks. 

Conditions that will cause trash racks to be used on outlets include: 

1. Storm sewers, and 

2. Pipes smaller than 7 feet in diameter that flow into recreation areas that are 
not designed for pedestrian use. 

Flap gates can be considered for substitution for trash racks on conduit outlets when it 
can be shown that sedimentation will not prevent the flap gate from opening or that the 
design of the outlet structure will reduce downstream sedimentation that would prevent 
the flap gate from opening. 

In instances where open channels collnect conduits that meet the geon~etric and hazard 
requirements previously listed, Category I safety devices are required to restrict access 
to the general public along the entire reach of that channel. Ail example is a concrete 
lined channel with 1:l side slopes in a Class B hazard, where the channel connects to 
culverts and the lower culvert has an energy dissipator at its outlet. 

Some additional conditions to consider are: 

New development must meet predetermincd standards that control flooding. 
Design for safety should not compromise those standards. 
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* Drainage works in existing areas will often not meet the standards for flooding 
that is required of new development; however. where possible, the generally 
agreed level of protection against flooding should be attained without 
compromise for life and health safety. 

5.2.2.14 Pnlets: Culvert inlets are used to transition the flow from a ponded condition 
upstrcarn of the culvert into the culvert barrel. Losses caused by the inlets have been 
studied extensively for several types of inlets. The inlet control nomographs in Section 
52.4 #give the required headwater! depth.tto,pass :the :des$gn.discharge :through several 
types of culvert entrances. The hydraulic capacity of a culvert may be improved by 
appropriate inlet selection. Since the natural channel is usually wider than the culvert 
bmel,  the culvert inlet edge represents a flow contraction and may be the primary flow 
control. The provision of a more gradual flow transition will lessen the energy loss and 
thus create a more hydraulically efficient inlet condition. Design charts for improved 
inlets are contained in Hydraulic Design of Highway Cu11:rrt.~ (USDOT, FHWA, HDS 
No. 5, September 1985). It should be noted that improving culvert inlets will cause the 
ereatest increase in culvert capacity when the culvert is operating in inlet control. - 
The hydraulic performance of culverts operating in inlet control can be improved by 
changing the inlet geometry of the headwall. Improvements include bevel-edged. 
side-tapered, and slope-tapered inlets. The advantage of these improvements is to 
convert an inlet control culvei-t closer to outlet control by using more of the barrel 
capacity. 

A beveled-edge provides a decrease in flow contraction losses at the inlet and the 
cntrance loss coefficient, K, is reduced from 0.5 to 0.2, which can increase the culvert 
capacity by as much as 20 percent. Bevels are required on all culverts with headwalls 
and should be constructed as shown in Figure 5.6. 

Side-tapered inlets have an enlarged face area accomplished by tapering sidewalls as 
shown on Figure 5.7. It provides an increase in flow capacity of 25 to 40 percent over 
square-edged inlets. There are two types of control sections for side-tapered inlets: face 
and throat control. The advantages of side-tapered inlet under throat control are: reduced 
flow contraction at the throat and increased head at the throat controi section. 

Slope-tapered inlets provide additional head at the throat section as shown on Figure 
5.8. This type of inlet can have over 100 percent greater capacity than a conventional 
culvert with square edges. The degree of increased capacity depends upon the drop 
between the face and ihe throat section. Both the face and the throat are possible control 
sections. The inlet face should be designed with a greater capacity than the throat to 
insure flow conlrol at the throat. More of the potentiai capacity of the culvert can then 
be insured. 

The inlet control noniographs contained in Section 5.2.4 do not apply to the condition 
when drop inlets are used with or without grates. The turbulence caused by the flow 
dripping into [he inlet box causes additional losses that are not accounted for in the inlet 
nomographs. The use of drop inlets is discouraged in culvert applications because of the 
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Angle 
. . 

Bevel d 

Figure 5.6 
Inlet Bevel Detail 

(USDOT, FHWA, HDS-5, 1985) 

Plan Plan 

Figure 5.7 
Side Tapered Inlet 

(USDOT, FHWA, HDS-5, 1985) 

Figure 5.8 
Slope Tapered Inlet 

(USDOT, FHWA. HDS-5, 1985) 
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danger oi plugging frcln~ sedirne~lt and plugging of grated inlets from debris 

Prefabricated steel inlet end sections (Figure 5.9) are available for corrugated steel pipe 
that perform nhout as well as a square-edged headwall inlet with an entrance loss 
coefficient of 0.5 

When rhere is a potential.far @et..uplift failure or inlet damage.from other sources, 
concrete headwalls are required on culvert installations unless it can be shown that I these dangers do not exist. I- --, 

- -- -- - - - - 

In some cases metal end sectlons such as the one shown in Flgure 5.9 nlay be allowed 

Figure 5.9 
Prefabricated Culvert End Section 
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5.2.2.15 Outlets: The receiving channel at culvert outlets must be protected from the 
high culvert outlet velocities caused by the flow constriction that is inherent in culvert 
opzration. If the culvert outlet velocity is greater than the allowable velocity for the 
receiving channel lining material, protective measures must be provided. 

Projecting culvert outlets are not permitted unless approved by the appropriate 
governing agency. 

The minimum requirement is to provide a preformed metal or concrete end section or 
a headwall with or without a wingwall configuration with a cutoff wall provided at the 
end of the apron. Culvert outlet designs are presented in Section 5.3. Energy dissipation 
structures are presented in Chapter 7. 

5.2.3 Design Procedures 

5.2.3.1 Culvert Design Method: This design method provides a convenient and 
organized procedure for designing culverts, considering inlet and outlet control. While 
it is possible to follow the deqign method without an understanding of culvert 
hydraulics, this is not recommended. 

The first step in the design process is to summarize all known data for the culvert at the 
top of the Culvert Design Form (Figure 5.10). This information will have been collected 
or calculated prior to performing the actual culvert design. The next step is to select a 
preliminary culvert material, shape. size and entrance typc. The user then enters the 
design flow rate and proceeds with the inlet control calculations. 

Iitlet Cnittrol: The inlet control calculalions determine the headwater elevation required 
to pass the design flow through the selected culvert configuration if the culvert is 
operating in inlet control. The inlet control nomographs of Section 5.2.4. are used in the 
design process. For the following discussion, refer to the schematic inlet control 
nomograph shown in Figure 5.11. 

1. Locate the selected culvert size (point I )  and flow rate (point 2) on the 
appropriate scales of the inlet control no~nograph. (Note that for box culverts, 
the flow rate per foot of barrel width is used.) 

2. Using a straightedge, extend a straight line irom the culvert size (point 1) 
through the flow rate (point 2) and mark a point on the first headwaterlculvert 
height (HW/D) scale (point 3). The first HW/D scale is also a turning line. 

3. If another HW/D scale is required, extend a horizontal line from the first HW/D 
scale (the turning line) to the desired scale and read the result. 
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ITigul-e 5.10 
Culvert Design Form 

(USDOT, FHWA, HDS-5, :985) 

DESIGNER ID AT^.: I 
S H E E T . . O F  

REVIEWER IDATE : I 

H Y D R O L O G I C A L  &!lL -- R O A D W A Y  E L E V A T I O N  :-...--1lll 
7 . . 

U METHOD:  - 

x ; n DRAINAGE A R E A :  q STREAM SLOPE:-- 
b 
B n CHANNEL SHAPE:---.. -- 

i 
w 

h O T I G : . . O  OTHER: - 

D E S I G N  F L O W S I I A l L W A T E R  L L ~  

R.I. IYEARSI F L O W I C I ~ I  TW 1111 
i 

T E C H N I C A L  FOOTNOTES, I41   EL^,. Hw,r ELI I INEAT W 16) h e . W  a I ~ , , O / Z I I W H I C H E M R  LSGRUTLRI 

I11 U 5 t  QlUB FOR BOXCULVERTS INLET CONTROL SECTION) lil ".b+ b,+ 129nZ L I I A ~ ~ ~ ] V ' ~ ~ ~  

12) H W l l D .  HW ,V OR HW,lD FAOM DESIGN CHARTS 151 T W  BASEO ou  OWN (81 ELho* ELo t H t ho 
CONTROL OR FLOW DEPTH IN 

131 FALL. HWI - ( E L h d -  ELeI), FALL IS ZERO CHANNEL 

SUBSCRIPT DEFINITIONS .- : COMMENTS I DISC-,. CULVERT BARREL SELECTED : 
m .  lPPROXlY ATE 
I CULVERT FACE S I Z E :  

' 
hd. DCJlOH HEIDWATEn 
hl. HCAOWITER IN INLCT C O H T R W  SHAPE:  
he HLIDWATLR i n  o u n r r  c o n r a m  
I. WLLT COI(TR[L s ccnon  
a. OUTLET 

 MATERIAL:^ 
.I. S T R L l U B l D  AT CU1VCRT FhCE 

-WATER ENTRANCE:  
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Figure 5.11 
Inlet Control Nomograph (Schematic) 

(USDOT, FHWA, HDS-5, 1985) 
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4. Multiply kIWD by the culvert height, D, to obtain the required headwater (WV) 
from the invert of the control secrion to the energy grade line. FiW equals the 
reqnired headwater depth (HW, ). If trash racks are used, add trash rack lusscs 
to HW,. 

, , .Outlet:'!Gontrol: .The .outlet confrol.~calcdations .result in-*the. headwater elevation 
required to convey the design discharge through the selected culvefl if the culvert is 
operating in outlet control. The critical depth charts and outlet control nolnographs of 
Section 5.2.4 are used in the design process. For illustration, refer to the schematic 
critical depth chart and outlet control nomograph shown in Figures 5.12 and 5.13, 
respectively. 

1. Ueternline the tailwater depth above the outlet invert (TW) at the desrgn flow 
rate. This is obtained from backwater or normal depth calculations of the 
downstream channel, or from field observations. Field observations are 
important in determining tailwater depths. The area downstream of the culvert 
should be examined for features that may create backwater effects, i.e., channel 
control, another culvert, etc. If such features are found: appropriate backwater 
analysis techniques should be employed to determine the tailwater depth. When 
culverts are in series, the headwater elevation from the downstrean culvert 
should he checked to make sure that it doesn't back up water affecting the out!et 
conditions of the upstream culvert. 

2. Enter the appropriate critical depth chart (Figure 5.12) with the flow rate and 
read the critical depth id,). If the conlputcd d, is greater than D, use D tbr critical 
depth. d, cannot exceed the top of the culvert. 

(Note: The d, curves are truncated for convenience when they converge. If an 
accurate d, is required for d, >> 0.9D. consult the Hu~~clbnok of H)idrc~ulics by 
Brater and King. or other hydraulic references.) 

3. Calculate (d, + D)/2 

4. Determine the depth from the culvert outlet invert to ihe hydraulic grade line 
(ho). 

h, = T W or (dc  + D ) / 2 ,  whichever is larger (5.6) 

5. From Table 5.3 (page 5-32) obtain the appropriate entrance loss coefficient, Key 
for the culvert inlet configuration. 
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Flow Rate, Q 

Figure 5.12 
Critical Depth Chart (Schematic) 

(USDOT, FHWA, HDS-5, 1985) 

6. Determine the losses through the culvert barrel, H, using the outlet control 
nomograph (Figure 5.13) or appropriate equations if outside the range of the 
nomograph. 

a) If the Manning's n value given in the outlet control nomograph is different 
than the Manning's n for the culvert, adjust the culvert length using the 
formula: 

'Then use L,  rather than the actual culvert length when using the outlet 
control nomograph. 
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b) Using a straightedge, connect the culvert size (point I )  with the culvert 
length on the appropriate K, scale ipoint 2). This defines a point on thc 
turning line (point 3j. 

c) Again using the straightedge, extend a line from the discharge (point 4) 
through the point on the turnii~g line (point 3) to the Head Loss (H) scale. 
Read H: which is the energy loss through the culvert, including entrance, 
friction, and outlet losses. 

. . 

d\ All other applicable losses should be added to H. 

7 .  Calculate the required outlet control headwater elevation. 

where EL., is the invert elevation at the outlet 

8 If the outlet control headwater elevation exceeds the design headwater elevation. 
a new culvert configuration must be selected and the process repeated. 
Generally, an enlarged barrel will be necessary since inlet inlprovenlents are of 
limited benefit in outlet control. 

Evaluation of ResuIts: Compare the headwater elevations calculated for inlet and outlet 
control. The higher of the two is designated the controlling headwater elevation. The 
:ulvert can be expected to operate with that higher headwater for at least part of the 
time. 

The outlet velocity is calculated as follows: 

1. If the controlling headwater is based on inlet control, determine the normal 
depth and velocity in the culvert barrel. The velocity at normal depth is assumed 
to bc the outlet velocity (Figure 5.14). Normal depth for circular and rectaugular 
culverts can bc found usmg Figure 5.19 (page 5-33). 

2. If the controlling headwater l a  in outlet control. determne the area of flow at the 
outlct based on the barrel geometry (we Figure 5.15) and the following: 

a) Critical depth. if the tailwater is below critical depth. 

6 The tailwater depth if the tailwater is between critical depth and the top of 
the barrel. 

C) The height ofthe barrel if the tailwater is above the top of the barrel. 

Repent the design process until an acceptable culvert configuration is determined. Oncc 
the bar~al is sclected it must be fitted into thc roadway cross section. The culvert barrel 
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F i y r e  5.13 
Outlet Control Nomograph (Schematic) 

(USDOT, FHWA, HDS-5, 1985) 
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4 I 
i I 

p ; = A R E A  OF FLOW WlSM BASED 
vo",,e, = - 

AP 
BARREL GEOMETSY AND DEPTH 
EQUAL TO NORMAL DEPTH 

Figure 5.14 
Outlet Velocity - Inlet Control 

(USDOT, FHWA. HDS-5, 1985) 

vw, = 0 : A y  = A R E A  OF FLOW PRISM B A S E D  ON B A R R E L  
5 GEOMETRY A N D  d 

Figure 5.15 
Outlet Velocily - Outlet Control 

(USDOT, FHWA. HDS-5, 1985; 
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must have adequate covei, the length should be close to the approximate length, and the 
headwalls and wingwalls must be dimensioned. 

If outlet control governs and the headwater depth (referenced to the inlet invert) is less 
Lhan 1.2D. it is possible that the barrel flows partly full through its entire length. In this 
case, caution should be used in applying the approximate method of setting the 
downstrean1 elevation based on the grealer of tailwater or (d, + D)/2. If at1 accurate 
headwater is necessaly; backwaler calculations should be used to check the result from 

, : *:the app~oeimate-method:',.If the.headwater;.depth falls below;0.75D,~theapproximate 
method should not be used. 

If the selected culvert will not fit the site, return to the culve~i design process and select 
another culvert. If neither tapered inlets nor flow routing are to be applied, document the 
design. Culvert design shall include a performance curve which displays culvert 
behavior over a range of discharges. Development of performance curves is presented 
in Section 5.2.3.3 and example problem number 4 in Section 5.2.5.4 (page 5-60) 
contains a performance curve calculation. 

5.2.3.2 Special Culvert Conditions: 

Storage Routing: A significant storage capacity behind a highway embankment 
attenuates a flood hydrograph. Because of the reduction of the peak discharge associated 
with this attenuation, the required capacity of the culvert, and its size, may be reduced 
considerably in some cases. The reduced size may well justify some increase in the 
hydrologic design effort. 

All reservoir routing procedures require three basic data inputs: 1) an inflow 
hydrograph; 2) an elevation versus storage relationship: and 3) an elevation versus 
discharge relationship. A complete inflow hydrograph. not just the peak discharge, must 
be generated. Elevation, often denoted as stage, is the parameter which relates storage 
to discharge providing the key to the storage routing solution. 

Elevation versus storage data can be obtained from a topographic map of the culvert site. 
The area enveloped by each contour line is planimetered and recorded. The average area 
between each set of contour lines is obtained and multiplied by the contour interval to 
find the incremental volume. These incremental volumes are added together to find the 
accumulated volume at each elevation. These dala can then be plotted, as stage versus 
storage. 

Elevation versus discharge data can be computed from culvert data and the roadway 
geometry as described elsewhere in this section. Discharge values for the selected 
culvert and overtopping flows are tabulated with reference to elevation. The combined 
discharge is utilized in the formulation of a performance curve. 

Despite the consideration of storage routing, the selection of an appropriate culvert size 
for a given set of hydrologic and site conditions is the design objective. However, in 
order to perform the storage routing calculations; a culvert must first be selected. 
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:'A ~ i ~ . ? x g e  routiily cala~!a!iun will then be re,qujred to verify the selected size. Hydrc~rrlic 
L k ~ i g n  c f l J t ~ / r u . r r j ~  Culi'errs (I.'SUOT: FIIWA, HDS No. 5, 1985), contains a procedure 
:c. ;lid in selecting an initial culvert size ~ a s e d  on an estimated peak discharge achiever1 
from storage routing. 

'I7l!e storage-indication method of fiood routing is used to establish the outflow 
by:kograph and attenuated peak discharge resulting from the embankment storage. 
Section 8.8 describes the application of the storage-indication method and contains a 
flood.'routing example. 

/;ulverts With Drop Inlets: When culverts have drop inlets, normal culvert design 
nolnographs are not applicable. The water falling into the catch basin causes significant 
turbulence and energy iosses. For this condition the analysis for a storm drain inlet 
should be used.. 

Delention Basin O~~t l e t s :  Culverts are frequently used for detention basin outlet 
stxuctures. The culvert design methods presented in this section can be used to develop 
the stage-discharge relationship for these structures. If the detention basin discharges 
into a storm drain system, procedures from Section 4.2 shouldbe used to establish the 
hydraulic grade line for that storm drain to check for outlet control. 

5.2.3.3 Performance Curves: Performance curves are representations of flow rate 
versus headwater depth or elevation for a culvert. Because a culvert has several possible 
control sections (inlet, outlet, throat), a given installation will have a performance curve 
Car each control section and one for roadway overtopping. The overall culvert 
i)erforniance curve is made up of the controlling portions of the individual performance 
curves for each control section. 

111let Control: The inlet control performance curves are developed using the inlet 
control nomographs of Section 5.2.4. The headwaters corresponding to the series of flow 
rates are detennined and then plotted. The transition zone is inherent in the nomographs. 

Outlet Control: The outlet control performance curves are developed using the outlet 
control nomographs of Section 5.2.4. Flows bracketing the design flow are selected. For 
these flows, the total losses through the barrel are calculated or read from the outlet 
control nomographs. The losses are added to the elevation of the hydraulic grade line 
at the culvert outlet to obtain the headwater. 

If backwater calculations are performed beginn~ng at the downstream end of the culvert, 
friction losses are accounted for in the calculations. Adding the inlet loss to the energy 
grade line in the bal~el  at the inlet results in the headwater elevation for each flow rate. 
An example of development of a performance curve is contained in Section 5.2.5.4. 

Hotldway Overtopping: A performance curve showing the culvert flow as well as the 
flow across the roadway is a useful analysis tool. Rather than using a trial and error 
procedure to deter~uine the flow division between the overtopping flow and the culvert 
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1 
I C U L V E R T  P L U S  

i 
/ ROADWAY-CREST - 

I 
I O U T L E T  

1 

- 

C O V E R A L L  
P E R  F O R H A C E  
C U R V E  

F L O W  RATE ( f tys )  

Figure 5.16 
Culvert Performance Curve with Roadway Overtopping 

(USDOT, FHWA, HDS-5, 1985) 

flow, an overall performance curve can be developed. The performance curve depicts 
the sum of the flow through the culvert and the flow across the roadway. 

The overall performance curve can be determined by performing the following steps: 

1. Select a range of flow rates and determine the corresponding headwater 
elevations for the culvert flow alone. These flow rates should fall above and 
below the design discharge and cover the entire flow range of interest. Both inlet 
and outlet control headwaters should be calculated. It is recommended Lhat the 
2-, lo-, and 50-year flow rates he used for developing the performance curve 
below the headwater depth where roadway overtopping begins. 
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2. Combice the inlet and outlet control performance curves to define a sing.15 
performance curve for the culvert. 

3. When i!~e culvert headwater e!evations exceed the roadway crest elev:ltion, 
ove~-topping will begill. Calculate the equivalent upstrean water surface depth 
above tl-!e roadway (crest of 'veir) far each selected flow rate. Use these water 
surface ticpths and Equation 5.9 to calculate flow rates across the roadway. 

, 4.- -Adrhthe ,culvenl flow,and- the.^-oadway.o\~ertopping.:~~w :at the-cor~espoi~ding 
headwater elevations to obtain the overall culvert perforn~ance curve. 

Using the combined culvert performance curve, it is an easy matter to determine the 
headwater elevation for any flow rate, or to visualize the performance of the culvert 
installation over a range of flow rates. When roadway overtopping begins, the rate of 
headwater increae will flatten severely. The headwater will rise very slowly from that 
point on. Figure 5.16 depicts an overall culvei-t perforn~ance curve with roadway 
ovei-topping. Example problem number 4 in Section 5.2.5 illustrates the development 
of an overall culvert performance curve. The 100-year discharge should be identified on 
the performarice curve and the corresponding depth of flow over the roadway. 

The Federal Highway Adniinistration's computer program, HY8, can bc used in the 
developlnent of perfornlance cup-es. The U.S. Army Corps of Engineers HEC-2 and 
IIEC-RAS computer programs are also capable of analyzing culverts. 

5.2.3.4 Roadway Overtopping: Roadway overtopping will begin as the headwater rises 
:o the elevation of the lowest point of the roadway. This type of flow is similar to flow 
over a broad crested weir. The length of the weir can be taken as the horizontal length 
across the roadway. The flow across the roadway is calculated from the broad crested 
weir equation: 

'The charts in Figure 5.17 indicate how to evaluate the correction factors Kt and C,. 

If the elevation of the roadway crest varies, for instance where the crest is defined by a 
roadway sag vertical curve, the vertical curve can be approximated as a series of 
horizontal segments. The flow over each is calculated separately and the total flow 
across th~? roadway is the sum of the increnlental flows for each segment (Figure 5.18). 

The total flow across the roadway then equals the sum of the roadway overflow plus the 
culvert flow. A perforr~lance curve must be plotted including both culverl llow and road 
overflow. The headwater depth for a specific discharge, such as the 100 year discharge 
can then be read fro111 the curve. Design example 4 in Srctiorr 5.2.5 illustrates this 
procedure. 
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Figure 5.17 
Discharge Coefficient and Submergence 

Factor for  Roadway Overtopping 
(USDOT, FHWA, HDS-5. 1985) 
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\ 

A) MeUtad 1: Suhdivlsian Into Segments 

Figure 5.18 
V'aw Crest Length Determinations for Roadway Overtopping 

(IiSDOT, FHWA, HIIS-5. 1985) 

The Culvert Design Form (Figure 5.10, page 5-19) ha$ been formulated to guide the user 
through ihe design process. Summary blocks are provided at the top of the form for the 
project description, and the designer's identification. Summaries of hydrologic data of 
the form are also included. At the top right is a small sketch of the culvert with blanks 
for inserting important dimensions and elevations. 

The central portion of the design form contains lines for inserting the trial culvert 
description and calculating the inlet control and outlet control headwater elevations. 
Space is provided at the lower center for comments and at the lower right for a. 
description of the culvert barrel selected. The design chart should be completely filled 
out, including consideration of inlel arid outlet control. 

Table 5.3 and Figures 5.19 through 5.3% should facilitate cclmplet~sn of the Culvert 
Design Form. 
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Tabk 5.3 
Entrance Loss Coefficients 

Outlet Control, Pull or Partly Full Entrance Head Loss 
(USDOT, bHWh,  HDS-5, 1985) 

/olectlng from f111, socket end (grove-end) 
I 1 

0 2 

I 
Type of Structure and Design of Entrance 

I Pipe, Concrete 

Coefficient, K, --I 
I Projecting from fill, square cut end 0.5 

Headwall or headwall and wingwalls 
L- 

Socket end of pipe (sove-end) 

L- Square-edge 0 5 

0.2 

1 Rounded (rad~us = 1112 D) 

Mitered to conform to fill slope 

0 2 

0.7 

Beveled edges, 33.7" or 45" bevels 0.2 

i Pipe, o r  Pipe-Arch, Corrugated Metal t- . . 

End-Section conforming to fill slope 

Prolecting from fill (no headwall) 

Headwall or headwall and wingwalls square-edge 

Side- or slope-tapered inlet 0.2 

Box, Reinforced Concrete 

0.5 

, Sidc-or slope-tapered inlet 

0.9 

0.5 

1 End-Section conforming to fill slope 

0.2 

0.5 

Headwall parallel to embankment (no ningwalls) 

Beveled edges, 11.7" or45" bevels 

Square-edged on 3 edges 

Rounded on 3 edges to radius of 1112 barrel dimension, or beveled on sides 

I Wingwalls at 10" to 25" to barrel I I 

0.2 

0.5 

0.2 

1 Square-edged at crown 

I Square-edged at crown 1 0.5 I 

Wingwalls at 30" to 75" to barrel 

0.4 

Wingwalls parallel (extension of sides) 

Crown edge rounded to radius of 1112 barrel dimension, or beveled top edge 

1 Side- or slope-tapered inlet I 0.2 I 

0.2 

Square-edged at crown 
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Figure 5.19 
Curves for Determining the Normal Depth 

(Chow, 1959) 
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Figure 5.20 

Headwater Depth for Concrete Pipe Culverts with Inlet Control 
(USDOT, FHWA, HDS-5, 1985) 
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Figure 5.21 
Headwater Depth for C.M. Pipe with Inlet Control 

(IJSDOT, FHWA, LIDS-:, 1985) 
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BEVELLED R I N G  i 
Mll l lYU" 3 0 0 .  

I 

Figure 5.22 
Headwater Depth for Circular Pipe Culverts 

with Beveled Ring Inlet Control 
(USDOT, FHWA, I-IDS-5, 1985) 
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DISCHARGE- 0 - CFS 

Figure 5.23 
Critical Depth for Circular Pipe 

(USDOT, FT-TWA. HLX-5. 1985) 
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Figure 5.24 
Head for Concrete Pipe Culverts Flowing Full 

n = 0.012 
(USPOT, FHWA. HDS-5, 1985) 

5-38 January 28, 1996 



6,:ulvrrts and Bridges 

Figure 5.25 
Head for Standard C.M. Pipe Culverts Flowing Full 

n = 0.024 
(USDOT, FflWA, HDS-5, 1985) 
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Figure 5.26 
Headwater Depth for Box Culverts with Inlet Control 

(USDOT. FHWA, HDS-5. 1985) 
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Figure 5.27 
f3eddwster Depth Bijr a Rectangular Box Gulvt!rt with InIet Control, Fiared 

Wingwalls (18" to 3:'1.7", artd 4.57, arid Beveled Edge at the Top of the. Inlet 
(IISDOT, FHWA, HIIS-5, i985) 
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EXAMPLE 
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Figure 5.28 
Headwater Depth for Inlet Control Rectangular Box Culverts 

90" Headwall - Chamfered or Beveled Inlet Edges 
(ITSDOT, FHWA HDS-5, 1985) 
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Figure 5.29 
Critical Depth Rectarigular Section 

IUSDOT, FfIWA, H1)S-5, 1985) 
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S U B U L R X O  OUTLET CULVERT TIOWING FULL 

Figure 5.30 
Head for Concrete Box Culverts Flowing Full 

n = 0.012 
(USDOT. FHWA. H!)S-5, 1985) 
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Figure 5.31 
Headwater Depth for Oval Concrete Pipe Culverts 

Long Axis Horizontal with Inlet Control 
IITSDO'T, FH\TIA. HDS-5. 1985) 
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Figure 5.32 
Headwater Depth for Oval Concrete Pipe Culverts 

Long Axis Vertical with Inlet Control 
(USDOT, FHWA, HDS-5. 1985) 
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Figure 5.33 
Critical Depth for an Oval Concrete Pipe - Long Axis Horizontal 

(VSDOT, FHWA, HDS-5. 1985) 
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Figure 5.34 
Critical Depth for an Oval Concrete Pipe - Long Axis Vertical 

(LJSDOT. FHWA, HDS-5, 1985) 
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Figure 5.35 
Head for Concrete Pipe Culverts - Flowing Full 

Long Axis Horizontal or Vertical 
n = 0.012 

(USDOT, FHWA, HDS-5, 1035) 
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EXAMPLE 
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Figure 5.36 
Headwater Depth for C.M. Pipe - Arch Culvert with Inlet Control 

IUSDOT, FHWA. HDS-5. 1985) 
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Figure 5.37 
Critical Depth for Standard C.M. Pipe - Arch 

(USDO?', FHWA. HDS-5, 1985) 
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Figure 5.38 
Head for Standard C.M. Pipe - Arch Culverts Flowing Full 

n = 0.024 
(USDOT, FHWA, HDS-5, 1985) 
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'i'hi. i'oliowiog e::ainple pr.ob!er!:s are rrc;\x HES-5 !(ISD(:)T, FHWA, 1985) and 
l!ailrak ihe use of !hr? design metiiods ,111~1 c!ir;:-i~ !br selected culvert ccmfigurations ar;d 
h y d ~ ~ u i i , ;  condi:iiins. The prohlerris cover ?.II:: f~diowing siluarions: 

P:oblem P ~ Q .  L :  Ckcular pip(: culvert, standard 2-21'3 by 1/2 inch (6.8 by 1.3 cm) 
CMP with beveled edge or reinforced concrete pipe with groove 
end. No FAL,L. 

Problem iV3. 2: Keinfviccd cast-in-place concrete Sox culverr wiih square. edges 
and aiith bevels. NO FALL. 

P~o'iilei~i Na. 3: Elliptical pipe culvert with groove end and ;I FAIL. 

P r ~ h i e ~ n N o .  4: Roadway overtopping calculations and peri'ornlzxice curve 
development. 
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5.2.5.1 %:xarnple Pruhlenn No. 1: fi. culvert a: a new roadway crossing milst be designed 
to pass the 25-year flood. Hydrologic analysis indicatcs a peak ilow rate of 200 cfs. LJse 
the followl~lg site informatiail: 

Elsvation of stream bed at Culvel.!. Face: 100 i t  

>, .,Natural S$rea~n.&d:Slope:-, 1 ,peTcent.= O:O l:,ft$ft 

p) Tailwater for 25-Year Flood: 3.5 ft 

Approximate Culveri Lengrh: 200 ft 

: Shou idzr Elevaticn: 1 10 ft 

Design a circular pipe culvert for this site. Collsider the use of a col~ugated metal pipe 
with standard 2-213 by 112 inch-corrugaiions and beveled edges and-concrete pipe with 
a groove end. Basc the design headwater on the shoulder elevation with a 2-foot 
fxeeboar~i jele,vation 108.0 it). Set the inlet invert at the natural streambed elevation (no 
FALL). 

Figure 5.39 represents a compieteri C.:u!vert Design Forln for this example, 

Note: Figures 5.20, 5.22, 5.23. 5.24, and Table 5.3 were used in this example. 
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.. -,- lqigure 3.3:e 

Exampie Problem No. 1 Cuiverl Design l iorn~ 
(:jSDWl, Ftl\V?,, flLJ:; !,, lL)85! 

P R O J E C T  : ~ . ~ H M P L E  ?ROB, eh\ hlb. CULVEtiT DESiGPi File?,! 

$H4PlLRa  + HB -- do. 5 

R O A D W A Y  E L E V A T I O N  :BA- i l l 1  

2 CI uEr+ loo:  RATIONAL . - .  

5 n o R * , H m  ~ R E A : I z z I ~ C O  STREAM SLOE. -  

! u ROLITIHG:._!~~--U OTHER. _. 

D E S I G N  F L O W S l T A l L W A T E ~  

R . I .  I I E A R S I  F L 0 W l c l . l  

I. m-- 

L - E N T R A N C E  COMMF.tiT'. 

T E C H N I C A L  FOOalNESI 

I I i  USE OINB FOR B O X  CULVERTS 

14) ELhi. HWi8 E L ~ I I N M R T  CS ICI h o .  W w l d c t D / 2 1 1  Wl l lC l lEVLR B GnEATn l l  

INLET C O N T R O L  SECTIOHI 
(71 ".Lb L , I  I I P ~ Z  LI / n ~ ~ ~ ] ~ ' , 2 ~  

1 7 1 H W I 1 0 . H l i  rO OR ) IWt /O  FROM DE516H CIIAHTF is1 T W  O P T F I ~  014 m ~ l i  ~ ~ R r r l l  181 ELhm. E L o  9 I1 5 h o  
C O ~ ~ T I I O I ~ ~  rcow n t r r l l l n  

I .  I ,  I ~ L ~ ~ E I . , , ~ ,  F & L L I S Z L ~ O  C I I I N I I L L .  
~ ~ 

fO(i CICVERTSVI CRAOL 

S U B S C R I P T  . .- D E F I N I T I O N S  : C O M M E N T S  I O l S C U S S l O N  : 
~ ~ 

CULVERT ~ ~ A R R E L S E L E C T E O  : 
. . n P P I I O X , Y * l r  
L C U L Y L A T  F A C C  N I G H  o ~ T L L T  V t i o ~ i T Y  - O U T L E T  s I z E : dl% 
h l  DI. l lOH i l l A O l A T C R  
hl .  HLADWAlfR IN \HIE7 CDIlTROL 
ho.  t ~ r ~ o w ~ r c n  IN OUTLET C D H ~ P R  PROTECTION OR L A R G E R  C C M D . ~ I ~  
I. INLET C M R a  9 1 C n O H  
. O L ~ T L ~ T  ~ A \ I  BE N E G E ~ S A R ' I  U A T E R I * L  :-A"L 
I f .  I I I I E I Y A I O  AT O l l l Y E n T  F l C t  

U I L * ' l t R  -. - L H T n n H C E :  b R W E  EN1) -- 
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5.2.5.2 Example Problem No. 2: X new culvert at a roadway crosslng is required to 
pass a 50-year flow rate of 300 cfs. Use the following site conditions: 

: EL,,: i 10 Ct based on adjacent structures 

Shoulder Elevation: 113.5 ft 

Elevation of Streambed at Culvert Face (EL,,): 100 ft  

)i Natural Stream Slope: 2 percent 

Tailwater Depth: 4.0 ft 

Approximate Culvert Length: 250 it 

Design areinforced~concrete'box culvert for this installation. Try both square edges and 
45 degree beveled edges in a headwall. Do not depress the inlet (no FALL). 

Figure 5.40 reprerents a con~pleted Culvert Design form for Prohlen~ No. 2 

Note: Figures 5.26, 5.28, 5.29, 5.30, and Table 5.3 are used in this solution. 
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Figure 5.40 
ICxample Problem No. 2 Culvert Design Form 

(rrsrnr. F ~ I W A ,  FIIIS-5. 198s) 

I T E C H N I C A L  F O O T N O T E S :  

111 USE OINB r D R  BOX CULVERTS 

P R O J E C T :  E%@@-L Ro6UM do. 2 
CHAFE-R 3. WDS do. 5 

1 121 IIW, ,D. ~w m OR i < w , / o  FROM O E S , G N  TIIARTS 151 T W  R A ~ I I ,  014 i n w t i s r t i l n ~  IBI  EL^^. L L ~  I 51 I ha 
C o t ~ I R n L n n  r L o w  DEr l l l 118  

I J I  FALL.  IIWI - ( E L h d -  EL,,), FnLL  Is  ZERO CI IANNEL 
I 

FOR a&,VERTS CN GRADE 

SIIEET _]OF L. 

CULVERT D E S I G N  FO#M 

DESIONER IDATE: /E 
R E V I E W E R  I D A T E  : 3 ' M K  /71/9 

H Y D R O L O G I C I L  D A T A  

METNOO:  sCS 
oRAlNnGE A R E A : ~  OTRREnM S L D E Z ~ % -  

-z u CllAnnEI. SHAPE: T R A P E  Z O I D 4 L  - 
! U ROUTING: M& U OTHER:--- 

D E S I G N  F L O W S / T A I L W A T E R  -..p....----..--...- ~. 
R . L  I Y E A R S I  F L O W I C I ~ I  T W  i l l 1  -- 
50 300 A!&L 

S U B S C R I P T  D E F I N I T I O N S ; .  
q .  IPPROXIYATL 
I. C Y L V C R T  FACC 
l d .  "L.I,aH H L I O I A T c e  
h l .  HCLOWATCR IN IHLCT CONTROL *. H ~ A O ~ A T L R  IH DUTLCT C O H T R ~  
I. IHLCI C N R a  9CCTIDH 
. O",LLT 
#I. I I I 1 I I Y I E D  I T  OILVTeT F l C l  
I. 14ILWATLR 

R o A o W A Y  E L E V A T I O N  : -1L%s- 1111 

.- 

loo. 0 E L ~ - ( l l l  

St -  Sp-  FALI .1 L o  95 8 L ~ , . ~ : ~ l l , l  
-02 ; - 

L .  0 -- 250 IU) 

COMMENTS.L_D!~C_~S!ON:.,  

5'x 5' bx W I L L  W'ORY W IN 3R 
w ITH o u r  B ~ V E L S ,  j3gvELS pRbvi DL 

C U L V E R T .  -. B A R R E L  S E L E C T E D  i. 
S I Z E :  Sfi. x SF*. 
S H A P E :  S Q u 4 R E  
u A r E R l A r . : % n ~ , d L -  

A Q D l n o i d A ~  FLou: C A  ~ A t i i y .  
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5.2.5.3 Example Problem No. 3: Design a culvert to pass a 25-year flow of 180 cfs. 
Minimum depth of cover for this culvert is 2 feet. 

EL,,,: 105 ft based on adjacent structures 

Shoulder Elevation: 105.5 ft 

Elevation of Streambed at Culvert Face (ELJ: 100 ft. 

Original Stream Slope: 5 percent 

Tailwater Depth: 4 ft 

Approximate Culvert Length: 150 ft 

Due to the low available cover over the conduit, use a horizonta! elliptical concrete pipe. 
Use of a small depression (FALL) of about 1 ft at the inlet 1s acceptahle. 

Refer to 5.41 for a completed Culvert Design Form for this problem. 

Note: Figures 5.31, 5.33, 5.35, and Table 5.3 are used in this solution 

Use of FALL in streans carrying a heavv sediment load is not recommended 
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I?igure 5.41 
Example Problem No. 3 <:ulvert Design Forn: 

(USDOT, PHWA, HDS-5, 19851 

P R O J E C T  : _ ~ x . ~ ~ ~ P L ~ . . ~ Q B L ~ M  NO. S T A ~ ~ O U  : 2 + 00 ~~.~~ ~. , CULVERT D E S I G N  FOi I i 4  I 
CHAPEKIU. i i ~ d  1Jo. 5 I S H E E 1 ~ p ~ ~ - O F  1 D E S I D N E R  / D A T E :  -=by- 

R E V I E W E R  / D A T E  : JMu /-?!/L/ . 
HYDROLOGICAL DATA- - . . . . - - . 

E L h d  I < \ \  
ROAD-HAY E L E V A T l W  :./n5&..~_ i l l 1  

n M E I H O O : R ~ ~ ~ . ~ . ~ ~  ~ [+ --- I 
5 ~ R ~ I H A G E  LREA:.ULALn s l e r a ~  S I ~ E : _ ~ L ~ %  EL,,-!L~D.Q.--~III s; . 0.5 - .... ~ I 

.: 0 C H A f i R ~ L s ~ ~ ~ v L : - % ~ i : . . C i ~ ~ . ~ h ~  1 
I 

.,,IER: ncm 
D  E  s l G N CO1WSL.IA!.LWATER -- --, I 

121 IIW( 1 0 .  H W  m on i t w , / o  rnou O E S I G H  cliailrs 131 T W  n l S r O  ctr m W l 4  SIIIFAM 18) ELhn. E L * ?  I l l  ha 
C O U l R h l . O R  R O W  0 E P T I I l ) i  

131 FALL.  I I W ,  - I E L I A -  EL. , I ,  ~ & L L  IS ZERO c \ t & t l t i ~ ~  

SUBSCRIPT ~- D E F l U l T I O U S ~  
a . ~ s s ~ a x ~ ~ n r ~  
I C V I Y E R I  rncc  
L(.  O E ~ I O W  t u r m w I T r R  
L I .  H I k D I I I C R  IN I H L l T  CONTROL 
h 6  I I I 1 0 1 1 T I R  I W  O V l L t T  COHTRCL 
I W L E l  C W T R O .  .iCC"OM .. DUTLCr 
I t .  I I R C L M B E O  IT W L Y C R T  F l C E  
I.. TklLIATlR 

COMMENTS / D!SCEUS 

t - \ \ ~ l l  ourLer  VFLDCI~Y-  CUECL(  STREAM 
BED STA i5 LL I V  s u n p E : f l W - l -  ELLIPS6 
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5.2.5.4 Example Problem No. 4: Develop a performance curve for the installation in 
Figure 5.42 bslow_ iccluding roadway overtopping up to 0.5 feet above the roadway. 
Use the following dimensions: 

I Tailwater Channel: I 
Flow. cfs TW. ft 

Figure 5.15 zepresents a completed Culvert Design Form for this problem. Figure 5.44 
pr~virles the pcrforrnance curve and roadway overtopping computations. 

2 0 f t  WIDE P A V E D  CROSSING 

/'---'- 

2-48" CMP CgLVERTS 
WITH METAL END-SECTIONS 
30ft LONG, n=.024 
SLOPE = 0.0007 f t / f t  

Figure 5.42 
Example Problem No. 4 

Roadway Overtopping and Performance Curve Development 
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k igure 5.43 
Example Problem Nu. 4 Culvert Design Form 

H Y D R O L O G I C A L  D A T A  

G METHOO:  -. 

0008 DRAIHAGE A R E A :  STREAM SLOPE:.- 
0 
q U CHANNEL SHAPE: TWO ,e ez 0 id 
w 
': U R O U T I N G :  OIHER: 

D E S I G N  FLOWS/TAILWATER 

R.I. IYEARS) F L O W l r l l l  TW Ill1 

R O A D W A Y  E L E V A T I M I  :---- 1 I I l  

Lo. 39 
, 

CULVERT D E S I G N  FORM 
7- , ., .- 

D E S I G N E R / D A T E :  ~ 5 -  !-u 
R E V I E W E R  I D A T E :  I 

P R O J E C T  : Exqrnple 

%ad* o v  - C o o p  er ,'np - @ i$=rnance &*M. 

TECI IN ICAL  F O O T N O T E S :  

11) USE O/HB FOR B o x  cuLvERrs  

S T A T L O N  . 

SIIECT_.>OF 

141 ELh,. HW,, EL,lINMRT W I61 h - .  P. a 1d,~O/Z l IWHICHEVER S GREATOII 

INLET  CONTROL SECTION) 17) ), .f it  L,, 129n2 L I /R '~ ' ]V 'JZV 

IZI nwI ID. H W  m OR w 1 / o  r R o u  DESIGN CIIARTS I51 TW BASED ON WWN STREAM (81 ELha. EL, 1 H 4 h a  
CONTROL OR FLOW DEPTI I  IN 

I31 FALLs H W )  - (ELhd -  EL,,); FALL 15 ZERO CHAl4NEL. 

FQR M V E R T S  CN GRhDE 

S U B S C R I P T  D E F I H l T l W  C O M M E N T S  / D I S C U S S I O N  : C U L V E R T  B A R R E L  S E L E C T E D  : 
0 .  APPROXIYATL 
I. C U L V ~ R T  FACE used S C ~  ( / j  & f , g t , r e - Z Z I  for  i n l e t  c o h ~ r o / c ~ ~ ,  3 1 2  E :  
hd. DISl0n H L A O I A l T R  
I,. Hcr\owI\rce 1" ,"LET CoNTnoL wSaJ F~~~~~ 5-25 For ou+I& h6ad* S l lAPE :  

he. HEADWATER IN OUTLET comma 
I. W L r r  C D i i R a  sccnon MATERIAL  :A .. OUrLET 
I # .  l T R E l U B Z D  AT CULVERT FACE ENTAAHC - 

Jy. T l l L I l T L R  
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FLOW RATE (cfs)  

Q, = K,C,L, (HW,)' ' 

HW, C K; I s Q, Q p i p e  
.- Q,,!,, 

- 
0.25 2.98 1 120 41.7cfs f 2 4 4  = 289 
0.50 3 .02  1 120 1ZB.lcfs +250  = 378  

Figure 5.44 
Performance Curve and Roadway Overtopping Computations 

(Example Problem Nu. 4) 

5-62 January 28. 1996 



Culverts and Bridges 

5-3 Entra~nces and Outlets for Culverts and Storm Drains 

This seclion provides guidelines for design of culvert lype inlets and outlets to closed 
conduit systems. Runoff entering and exiting closed conduits may require transitions 
into and out of the conduit to r n i n i ~ z e  entrance losses and protect adjacent property and 
drainage facilities from possible erosion. Pavement drainage inlets that allow runoff to 
drop into catch basins are discuss*d in Section 3.3 and are not addressed here. 

' ,  '. 

5.3.1 Interaction with Other Svstems 

Closed conduit inlets and outlets provide transitions from a ponded or channelized 
condition upstream into the closed conduit and then back to a channelized condition 
downstream. Additional channel bank protection may be required in the vicinity of the 
inlet or outlet to complete the transition LO the design velocity and flow depth of the 
receiving channel. A drop structure may be located upstream or downstream from the 
closed conduit and should be incorporated into the design. The design of inlets and 
outlets should take into account all conditions in the upstream and downstreamdirection 
to the location where the inlet, ouile~: and closed conduit have no effect on predesign 
tlow conditions. 

When a;! open channel, detention or retention basin drains into a storm drain system, 
culvert type inlets are frequently used. The storm drain hydraulic grade line must be 
conside:.ed when sstimating the inlet capacity for culvert type inlets. The storm drain 
hydraulic grade line at the inlet, with the appropriate entrance loss added, should be 
substituted for the outlet control headwater elevation normally used for outlet control 
computations. To determine the controlling headwater, the computed outlet control 
headwater elevation should be compared with the inlet control headwater elevation 
obtained from the standard inlet control nomograph. 

5.3.2 Special Criteria for Closed Conduits 

5.3.2.1 Bank Protection: Roadway embankments with culverts passing through them 
should be protected from potential damage caused by roadway overtopping during a 
runoff event in excess of the culvert design capacity. When a planned flow over the road 
has damage potential! such as when the 100-year discharge causes flow over the 
roadway, the embankment for both upstream and downstream sides should be protected 
by paving, grouted riprap, or other means of permanent stabilization. 

5.3.2.2 Entrance Structures and Transitions: Criteria for culvert entrances are 
contained in Section 5.2.2.13. The same criteria apply to culvert type entrances for storm 
drains. Design considerations include aligning the culvert with the natural channel 
profile: protection against inlet failure due to buoyant forces: and safety considerations 
for the public. 
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Culvert performance can be improved by providing a smooth and gradual transition at 
the entrance. Improved inlet designs have been developed for culverts operating in inlet 
control and are presented in Section 5.2.2. 

Supercritical flow transitions at inlets require special design consideration. For design 
of snpercrilical flow contractions, refer to Hydraulic Design of Energy Dissipators for 
Culverts and Channels (USDOT, FHWA, HEC-14, 1983). 

:3.&$3~@ullet.-~li~ture~~~~Standa~d~meas~re ,*far,*scour:protcction :at;c~nduit,outlets-, . , 

include cutoff walls, wingwalls with aprons, and grouted or ungrouted riprap. These 
measures should be used as appropriate to ensure that the velocity entering the receiving 
channel is within the allowable range of velocities for the channel outlet condition. 
Outlet conditions are classified as follows: 

1. Natural channel outlets where the existing natural channel is modified only to 
transition to and from the culvert. 

2. Artificial channel outlets where the culvert is part of an overall drainage plan 
and discharges into an improved, artificial channel. 

3. Side channel outlets where a conduit drains into a larger receiving channel from 
the side at some angle of confluence. 

It is not always desirable to totally restrict the movement of natural channels at h e  
culvert outlet. Limited downstream scour and channel movement may be allowed in 
some cases. Due to the nature of artificial channel and side channel outlets, scour and 
bed movement should not be permitted. The following criteria shall be used in 
determining the type of outlet protection required based on the outlet condition. 

Natural Clzarrnel Outlets: Natural channel outlet protection is based on the ratio of the 
culvert outlet velocity to the average natural stream velocity. 

1. Culverts with outlet velocities less than or equal to 1.3 times the average natural 
stream velocity for the design discharge shall require a cutoff wall as a minimum 
for protection. Design criteria for cutoff walls are presented below. 

2. Where the outlet velocity is greater than 1.3 times the natural stream velocity, 
but less than 2.5 times, a riprap apron should be provided. Design procedures for 
riprap aprons are in Section 5.3.3.2. 

3. When outlet velocities exceed 2.5 times the natural stream velocity, an energy 
dissipator should be provided. Several energy dissipators are described in 
Chapter 7. 

Artificial Channeland Side Channel Outlets: Artificial channel and side channel outlet 
protection is based on the ratio of the culvert outlet velocity to the allowable velocity 
for the channel lining material. Outlet discharge must be transitioncd to limit the 
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velorit) io !he ;rllowabla. A1lowat)le \:elocilies [or several channel lii~ing materiais are 
shovin ir. Tables 6.1, 6.2 and 6.3. 

1 .  f ond~ilfs with cutlet velociiy less than or equal to the allowable require no outlet 
~r~~teciiion. 

2. Conduits with outlet veloci!y greater than one and !ess than 2.5 times the 
allowable velocity must be provided with a riprap, concrete, or other suitable 

~~~~,~~~~~lo~i~~~to:$he.a~10wabIeshan~nel-~?v~bci . _ I  . . '  

3. '~Vhea outlet velocities exceed 2.5 times the allowable channel velocity, an 
energy dissipater should be provided. Several energy dissipators are described 
iv Chapter 7. 

C11tof.f' 117~:11,s: X cutoif wall placed at !he culvert outlet in a natural stream provides 
adequate protection downstrealn when the scour will not be excessive, or where the 
tlcvelopment of a scour hole will not undermine nearby structures so that it is practical 
1.0 allow localized scour. 

The following criteria applicable to cutoff walls is based on the computed scour hole 
geomerrp. The procedure for determining the scour hole geometry is presented in 
Szction 5.3.3.1. 

1. 'The depth of the cutoff wall shall be equal to the maximum depth of scour. 

2. The width of the cutoff wall shall be a minimum of one-third the maximum 
scour width. 

3. The depth of the cutoffwall should not normally exceed six feet. Where a deeper 
wall is necessary to meet the above criteria, either another form of protection 
should be employed or an analysis will be required to substantiate the walls 
structural stability. 

5.3.2.4 Safety: Inlets and outlets to closed conduits may present dangers to the public 
when access is not controlled. Refer to Section 5.2.2.12 for the safety requirements 
related to conduit inlets and outlets. 

5.3.3 Estimating Erosion at Culvert Outlets 

5.3.3.1 Scour Hole Geometry: The objective of this section is to present a method for 
estimating the amount of erosion at an unprotected culveit (or storm drain) outlet based 
on soil and flow data and culvert geometry. This section has been adapted from the 
Hydrlrulic Design. ofEt7.ergy Dissi17utorsfor Culvert$ and Channels (USDOT, FHWA, 
HEC-14, 1983). 

January 28,1996 5-65 



Drainage Design Manual for Maricopa County, Volume 11: Hydraulics 

The scour hole geometry varies with tailwater conditions with the maximum scour 
geometry occurring at tailwater depths less than half the culvert diameter with the 
niwimunl depth of scour (11,) occurring at a location approximately 0.4 L, downstream 
of the culvert outlet, where I-, is the length of scour. 

Empirical equations defining the relationship between the culvert discharge intensity 
(defined on page 5-71): time, and the length. width, depth, and volume of scour hole are 

.I p r e s e ~ t e & , , , & @ ~ ~ ~ ~ h e i : m a f i r n u m + ~ ~ ~ o e ~ ~ ~ e  . s c o ~ : ~ = s e ~  The ;di:menst~dess sonur :,hole 
geometry is shown in Figure 5.45. 

Cohesiorzless Material: The general expression for determining scour geometry in a 
cohesionless ?oil for a circular pipe flowing full is. 

Dimensionless Scour Geometry = a (  Q ) ~ ( t ) e  
g1I2D to 

(5.10) 

The values fol the coefficients a,, P, and 0, can be found in Table 5.4 

For noncircular or pxtly full culverts. the diameter D can be replaced by an equivalent 
depth. ye: 

Y o  = ( ~ 1 2 ) " ~  (5.11) 

A is the cross sectional area of flow. Modifying Equation 5.10 to include the equivalent 
depth results in the general expression: 

Dimensionless Scour Geometry = ae ( Q ) P  ( 4 ) e  
1 1 2 ~ ~ j l z  to (5.12) 

where: 

ae 
= a o . 6 3 ( 2 . ~ - l i  for hs, W, ,  and Ls (5.13) 
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Dimensionless Centerline Profile 

,,- Original Grour~d Lne 

1 .o o.a 11.6 0.4 0.2 o 0.2 0.4 0.6 0.8 1.0 

Ls -- 
4 u  

Dimensionless Cross Section at 0.4 L,, 

Original Ground Une 

6 

0.2 

0.4 

h, 0.6 -- 
hs, 0.8 

1 .o 

1.2 

Legend: 
h, = Depth of scour 4 = Length of scour 
h,, = Maximum depth of scour L,, =Maximum length of scour 
W, =Width of smur - Maximum Tailwater 

W,, = Maximum width of scour - - - - -  Minimum Tailwater 

Figure 5.45 
Dinlensionless Scour Hole Geometry 
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Table 5.4 
Experimerital Coefficie~its for Culvert Outlet Scour 

([JSDOT, PXWA, HEC- 14, 1983) 

V-1. For Circular Culverls. Cohedanless material or the 0.15mm cohesive sandy clay: 

where lo = 316 min. 

V.2. For Olher Culvert Shapes. Same malerial as above: 

Equatloris 

V-3. For Circular Culverls. Cohesive sandy clay wilh PI - 5-16: 

V-4. For Other Culvert Shapes. Cohes~ve sandy da) wah PI = 5-13: 

L 1 

where la = 316 rnin. 
where la = 316 rnin 
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Grizci~~tion: 7':ic: s~~ilesionless becl rriateriais presented in Table 5.4 are categorized as 
eithz; uoif<ji~r.i (!I) or graded (13). ' lhe grain size distr~bution is determined by 
perfulx~ine ... ,: sieve analysis (ASTM DA23-63). The standard deviation (o) is computed 
as : 

:vhcrr the values of d,, and d,, are extracted from the grain size distribution, if o 1.5, 
the rnaterial is considered to be, uniform; if o > 1.5. the material is classified as graded. 

Cohesive Soils: If t l ~ :  cohesive soil is a sandy clay similar to the one tested at .Colorado 
State University by At~t; et al: Equations 5.10 or 5.12 and the appropriate coefficients 
in Table 5.4 can be wed to estirnaie the scour hole dimensions. The sandy clay tested 
had 58 percenr sand, 27 percent clay, 15 percent silt., and L percent organic matter; had 
a mean grain size of 0.15 mm, and had a plasticity index (Pi) of 15. 

Since Equations 5.10 and 5.12 do not include soil characteristic%,,.they can onlybeused 
for soils similar to the ones tested. Shear number expressions, that related scour to the 
critical shear stress of the soil, were derived to have a wider range of applicability for 
cohesivc soils besides the one specific sandy clay that was tested. 

The, sl-LC-r n~rnber  expessions for circular culverts are: 

and for other shaped culverts: 

where: 

a, = al(Q.63) for h,, W , ,  and L, (5.18) 

a, = a i ( 0 . 6 3 ) ~  for F< (5.19) 

The val~ies of the coefficients a: (I, 8 and a, in Equations 5.16 m.d 5.17 are presented 
in Table 5.4. 

-- ---- -- 
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'The critical tractive shear stress i s  defined as: 

where S, is the. saturatcd shear strength in pounds per square inch and PI is the Plasticity 
Index from the Atterberg limits. 

It is recommended that Equations 5.16 and 5.17 be limited to sandy clay soils with a 
plasticity index of 5 to 16. 

Time of Scour: The time of scour is estimated based upon a knowledge of peak flow 
duration. Lacking this knowledge. it is recommended that a tlme of 30 minutes he used 
in Equations 5.10, 5.12, 5.16, and 5.17. The tests indicate that approximately two-thirds 
to three-fourths of the maximum scour occurs in the first 30 minutes of ihe flow 
duration. 

It should he noted that the exponents for the time parameter m Table 5.4 reflect the 
~elatively flat part of the scour-time relationship and are not applicable for the first 30 
minutes of the scour process. 

Eleadwalls: lnsrallation of headwalls flush with the culvert outlet moves the scour hole 
downstream. However, the magnitude of the scour geometries remain essentially the 
same as for the case without the headwall. The headwall should extend to a depth equal 
to the maximum depth of scour. 

Summary: The prediction equations presented in this section are intended to serve along 
with field reconnaissance as guidance for determining the need for energy dissipators 
at culvert outlets. Remember that the equations assume that grade control exists whether 
it be manmade or natural, and do not include long-term ch;u~nel degradation of the 
downstream channel. The equations are based on tests which were conducted to 
determine maximum scour for the given condition and therefore represent what might 
be termed worst case scour geometries. The procedure presented is from Elydraulic 
Design of Energy Dissipators,for Culverts and Cliaiznels (USDOT. FHWA, HEC- 14, 
1983). 

5.3.3.2 Scour Hole Geometry CaIculation Procedures: 

For Cohesionless and Cohesive Soils: 

1. Using the appropriate methodology from Volume I, Hydrology, perform a 
hydrologic analysis of the drainage path in which the culvert is located or is to 
be placed. Estimate the magnitude and duration of the peak discharge. Express 
the discharge in cfs and the duration in minutes then determine the discharge 
intensity and equivalent depth. 
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D. 1. = Q / ( ~  " ' ~ j l ? )  Ci~~cuLa~~ c~~iverts  flowing full 

D.I. : e/(s!"y,ji2j for other shapes 

, , . .  .. 

where Equation 5.1 1 is used to determine the equivalent depth: 

For Ctohesionless Materials, or 0 . l j m m  Sandy Clay: 

2 Compute the discharge intensity when the culvert is flow~ng at the peak 
discharge. 

3. Determine scour coefficients from Table 5.4 

4. IL'se Equation 5.10 or 5.12 to compute the scour hole dimensions with t,=316: 

e t h, /D,  Wp/D, L, ID, or V T / ~ '  = a(---)P (-)e 
s " ' ~ ~ ' ~  316 

For Other Cohesive Materials with PI From 5 to 16: 

2. a. Compute the culvert outlet velocity in fttsec. 

b. Obtain a soil sample at the proposed culvert location. 

c. Perfolm Atterberg limits tests and determine the plasticity index, PI (ASTM 
D423-361. 

d. Saturate a sample and perform an unconfined compressive test (ASTM 
D211-66-76) to determine the saturated shear stress, S,. lb/in2. 
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e. Compute the crit~cal tractive shear strength, T,, from Equation 5.20. 

f .  Compute the nxdificd shear number, Sn,,, (pV2ir,). 

3. Determine scour coefficienis fro111 Table 5.4. 

4. Use equation 5.16 or 5.17 to compute the desired scour hole dimensions, use to 
= 3 16 minutes. 

. . .~ . , ,, . . 

For circular culverts: 

or, for noncircular culverts: 

Two example problems on the computation of the geometry of the scour hole are 
presented in the next section. The example problems are from HEC-14 (USDOT, 
FHWA, 1983). 

5.3.3.3 Example Scour Hole Calculations for Cohesionless Material: Determine the 
scour geometry-maximum depth, width, length and volume of scour-for a proposed 
circular 30-inch C.M.P. discharging an estimated 50 cfs when flowing full. The 
downstream channel is composed of a graded gravel material. 

1. The duration of the peak discharge of 50 cfs is not known. Therefore, a peak 
flow duration of 30 minutes will be estimated. 

2. The circular, 30-inch C.M.P. at 50 cfs will have a discharge intensity of 

D.I. = 50 / (g"' (30/12)") = 50 / ((5.67)(2.5)5'2) = 0.89 

3. The coefficients of scour obtained from Table 5.4 are: 
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Deprh of Scour 

Width of Scour 

Length of Scour 

Volume of Scour 

a 

1.49 

8.76 

13.09 

42.31 

P 

0.50 

0.89 

0.62 

2.28 

8 

0.03 

0.10 

0.07 

0.17 
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4, Using Eqilation 5.10 with :<, - 316 minutes, the scour hole dimensions are: 

h,/D, W,,'D, L,ID, 01 V,/D' = n i ~ l g " '  D'")' (!I3 16)" 

Depth: h,/D = 1.49 (0.89)"'@(0.09)~~' 

., ,, ', 

Width: W,/n = 8.76 (0.89)O.'~ (0.09)"'' 

W, = (6.21)(2.5) = W 

Lengtll: L,iD = 13.09 ( 0 . 8 ~ ) ) ~ "  ( ( 0 . 0 9 ) ~ ~ ~  

L, = j10.29)(2.5) = 25.72 ft 

Volunie: V,/D" 42.3 1 (0.89)'" ( 0 . 0 9 ) ~ ' ~  . . 

V, = (21.54)(15.63) = 336.67 f13 

5. I~silig Figure 5.45, the location of the inaxinluin scour is defined as occuri!lg at: 

0.4(LC ) = 0.4 (25.72) = 10.3t  downstrean1 of the culvert outlet. 

5.3.3.1 Example Scour Hole Calculations for a Cohesive Material: Detennine the 
scour geometry, maximum depth, width, length, and volui~ie of scour for an existing 
circular 24-inch C.M.P. discharging an estimated 40 cfs when flowing full. The 
downstream channel is composed of a sandy-clay material. 

1. The duration of the peak discharge of 40 cfs is not known. Therefore, a peak 
flow duration of 30 minutes will be estimated. 

2. a. The average velocity at the culvert outlet is: 

b-e. The sandy-clay material was tested and found to have a PI of 12  and a 
saturated shear strength (S,) of 240 psi. 'The critical tractive shear can be 
estimated by substituting into Equation 5.20. 

- 
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f. The modified shear number Sn,,, = ( p v 2 / ~ , )  is: 

Width 

Length 2.82 0.33 0.09 

4. Using Equation 5.16 with to = 316 minutes, the scour hole dirr,erlsions are: 

h,/D. WJD, LJD, or V J D ~  = a ( p ~ 2 / ~ , ) P  (t1316)' 

Depth: h,/D = 0.86 (617.4)~" (0.09)~)- '~ 

hs = (2.14)(2) = 

Width: WJD = 3.55 (617.4)0.'7 ( 0 . 0 9 ) ~ . ~ ~  

W, = (8.94)(2) = EUi 

Length: LdD = 2.82 (617.4)'" ( 0 . 0 9 ) ~ ~ ~  

Ls = (18.92)(2) = 

Volume: V$D~ = 0.62 (61 7.4)09' (0 09)'~' 

vq = (140.3)(8) = 1122.5 ft3 

5. Location of maximum depth of scour (Figure 5.45) 

0.4 L, = 0.4(37.8) = 15.1 downstream of culvert outlet 
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5.3.4.1 Riprap .Apron: Riprap aprcns piaced downstream of culverts provide protection 
against scour i!xrnediately anj~lnd ille culvert as weil as providing for the uniform 
spreading of the fl.o\w and decreasing tlis ilow velocity, thus ~rutigating downstream 
dwr~?ages. 

These riprap aprons may be designed as simple horizontal aprons as shown in Figure 
5.46: with-taperedsides of 2 1,'for n1inim1rm-tailwater~and.5:'1 'foimaximumtailwater; '. ,.'. 

Minimum tailwalrr is assumed when the tailwater depth is less than half the culvert 
height. Maximum tailwater is assumed when the tailwater depth is greater than half the 
culvert height. 

A simplified approach for providing piotection downstream of culverts is presented in 
the next !wo sections. For :nore thorough inetliods see Section 7.4. 

5.3.4.2 Riprap Apron Dimension Design Procedures: 

1. The length of the apron (Lo) is determined using the following empirical 
relationships that were developed for the. U.S. Environmental Protection Agency 

. . 
(i976): 

and: 

wl1el.e D is the maximum inside culvert width (fl), Q is the pipe discharge (cfs), 
and TW is the tailwater depth (ft). 

2. Where there 1s no well defined channel downstreanl of the apron. the width. W,. 
of the outlet and of the apron (as shown in Figure 5.46) should be as follows: 
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Figure 5.46 
Configuration of Conduit Outlet Protection 

(U.S. EPA, 1976) 
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and: 

W, - 3 0  D 
r l  + L C  ,for 1'W .c: - 2 

(5.24) 

'The width of the apron at the culvert outlet should be at least 3 times the culvert 
width. 

., . , . . .  . . , .  , . 
. Where there is a well-defined channel downstream of the apron, the bottom 

width of the apron shonld be at least equal to the bottom width of the channel 
and the lining should extend at least one foot above the tailwater elevation anti 
at least two-thirds of the vertical conduit dimension above the invert. 

4. The side slopes sho:lld hc 1:l  or flatter 

5. The bottom grade should be level. 

6 There should be overfall at the end of the apron or culvert. 

5.3.4.3. lliprap Apron Stone Size: 

! The median stone diameter (d,,) is determined from the following ecji~ation: 

2. Existing scour holes may be used where flat aprons are iinpractical. Figure 5.47 
,bows the general design of a scour hole. The stone diameter is determjned using 
the following equations: 

also, 

where y, is the depth of the scour hole below the culvert inverl. If the depth of 
scour isn't known it can be determined using the procedures in Section 5.3.3.1. 

-.--- 
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3. The other ip rap  or gabion requirements are as indicated in Chapter 6 for channel 
linings. 

4. Filter fabric or grant~la~. bedding shall be provided tinder riprap or zabion apron 
proteclion. 

t Filter Fabric 
(b) 

Figure 5.47 
Preformed Scour Hole (a) plan and (b) section 

(ASCE. 19751 
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5.4 Iaaarertetll Siphons 

5.4,1 General 

Because of ihe re,sulting physical conditions, inverted siphons are rarely used in urban 
I . drainage;h@mexer,due.tothe.flat.topography.and &large tuumber:of canalsin ,Ma~icopa. . , ., 

County, the designer may have to consider u s ~ i ~ g  an inverted siphon. 

Inverted siphons are used to convey watcr by gravity under canals, roads, railroads, 
other structures, and depressions. An inverted siphon is a closed conduit designed lo iun 
full and under pressure. When flowin2 at design capacity: the structure should operate 
without excess head. 

For canal structures, inverted siphons are economical, easily designed and built, and 
bave proven to be a reliable means of water conveyance. However, because of sediment 
and debris present in stormwater:.maintenance can be a.signilicant negative factor. In 
addition, canals run more or less continually and can bc drained between periods of use: 
but inverted siphrns for stonnwater do not operate on a regular cycle. If water is left to 
;;.and: significant health hazards could result. Inverted siphons shall be considered only 
when permitted by the jurisdictional agency. 

5,4-2 Design Criteria 

All pipe should be designed for water-tight joints. Velocity in the conduit should be a 
minimum of 5.0 ips to prevent sedimentation. The minimum cover over the conduit 
should exceed 3.0 feet. Inlet and outlet structures are required, and the facility shall meet 
the requirements for safety described in Section 5.2.2.12. Pipe collars and blow-off 
structures may be required as determined by the jurisdictiorlal agency. Air vents, after 
the entrance, should be used unless the agency agrees with eliminating the vents 

At a minimum. the designer should compute losses for the entrance and outlet (including 
trash racks), pipe friction, and losses at bends and transitions. 

5.4.3 Design P r o c e d ~ e  

A design procedure and design cxalnples ;ue contained in Design qf Snzoil Canal 
Structures (USER 1974). Taking into consideration conditions that are more specific to 
urban drainage described before, this publication can be used for most applications in 
Maricopa County. 



Drainage Design Manual for Maricopa County, Volume 11, Hydraulics 

5.5 Bridges 

This sectlon presents a brief overview of the hydraulic analyses for bridge crossings 
over oven channels. A general discussion of scour is also ~resented. Com~rehensive - 
guidelines and criteria for hydraulic analyses of bridge crossings are beyond the scope 
of this manual. The reader should refer to appropriate texts and technical handbooks for - -  - 

..<~., ~,. ..further,info~mation.on this subject., , , . . .: 

Roadways must often cross open channels in urban areas, therefore, sizing the bridge 
openings is of paramount importance. In general: bridges should be designed to have as 
little effect as possible upon the flow passing beneath them. If possible. bridges over 
natural or man-made channels should be designed so that there is no disturbance to the 
flow whatsoever. Whenever piers are used, they need to be oriented parallel to flow. 
Impacts upon channels and floodplains created by bridges usually take the form of 
increased flow vzlocities through and downstrean of the bridges, increased scour and 
upstream ponding due to backwater effects. These impacts can cause flood damage to 
the channel, to adjacent property and to the bridge structure itself. 

A new or replacement bridge will not be permitted to create a rise in the existing 
water surface elevation, to cause 'an increase in lateral extent of the floodplain, or  to 
otherwise worsen existing conditions. 

5.5.1 Hydraulic Analysis 

The hydraulic analyses of pre- and post-bridge conditions can be performed using a 
computerized step-backwater model. The HEC-2 program developed by the U.S. Army 
Corps of Engineers (USACE. 1990) is the most common backwater computation 
software available and is used nationwide. The Corps also recently released their HEC- 
RAS computer program (USACE. 1995a. and 1995b) which is capable of analyzing 
bridges. 

An analytical methodology for hydraulic analysis of bridge crossings is that described 
in Hydruulics of Bridge Waterways (USDOT, FHWA, HDS-1, 1978b). 

Another widely-used computer program is WSPRO (USDOT, FHWA, HY-7,1988) 
which incorporates the procedures of the HDS-1. A useful publication to accompany 
WSPRO is Bridge Wutenvays Analysis Mock1 Research Report (USDOT, FHWA, 
1986). 

Bridge analysis requires ineticulous input preparation for proper analysis, care should 
be taken to review input data and to examine results thoroughly for reasonableness. 

- -- 
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If there is a goorl possibility of debris collecting on the piers, it may be advisable to 
use a value zreater than the pier width to account for debris blockage. Howevcr. 11 

i k3de l ing  of dchris hlockageLshould be reviewed with the jurisd~ctional agency. 
L-L---- - 

~ . , ,  

5.5.2 Hydraulic. Design Considerations 

.4dditional factors to be considered in the design of a bridge crossing include flow 
legime (i.e., subcritical or supercritical flow). anticipated scour effects. and freeboard. 

5.5.2.1 Freeboard: Freeboard at a bridge is the veitical distant-, between (he design 
water surface elevation and the low-chord of the bridge. The bridge low-chord is the 
lowest portion of the bridge deck superstructure. The purpose of freeboard is to provide 
mom for the passage of floating debris, to provide extra area for conveyance in the event 
that debris build-up on the piers reduces hydraulic capacity ofih&ridge;hnd to provide 

.. a factor of safety against the occurrence of waves or floods larger than the design flood. 
, . 

Bridges should be designed to have a minimum freeboard of two feet for the 100- 
year event. The structural design of the bridge should take into account the 
possibility of debris andlor flows impacting the hr~dge. 

In certain cases, site conditions or other circumstances may limit the amount of 
freeboard at a particular bridge crossing. An example would be the replacement of a 
"perched" bridge across a natural watercourse where major flows overtop the roadway 
approaches. In general, variances to the minimum freeboard requirement will be 
evaluated on a case by case basis by the jurisdictional agency. 

5.5.2.2 Supercritical Flow: 

For the special condition of supercritical flow within a lined channel, the bridge 
structure should not affect the flow at all. That is, there should be no projections, 
piers. etc. in rhe channel area. The bridge opening should clear and permit the flow 
to pass unimpeded and unchanged in cross section. 

5.5.2.3 Scour: To detellnine scour at bridges, refer to Prr>rlicting ,Scour at Bridge Piers 
a,~i.dAbrtttnents (Laursen, 1980) and HECNo. 18, Evaluating Scortr- at Bridges (USDOT, 
FHWA. 1991). Total scour at a bridge crossing consists of three components which are 
generally cumulative, and a fouith: lateral stream migration, which can move the general 
bed grade horizontally to a new location. The first three components are: 
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Long Term Aggradatiorr or Degradation: This is a variation to river bed elevation. 
usually occurring over long periods of time due to changes in controls, such as dams and 
in-stream mining. Such variation can result in modification of sediment discharge and 
river geomorphology, such as a departure from a meandering to a braided stream. The 
changes may be nat~~ral or man-induced, but are far more often documented as the latter 
(USDOT, FHWA, 1978a). 

Long term bed elevation changes (aggradation or degradation) may be the natural trend 
. . :af :,thei:s~~am.o~~~may~be:~the~rres~il~~nf .soms.-rn~di~ication~o. the-stseanver .w&ershed. < 

condition. Factors that affect long term bed elevation changes are: dams and reservoirs 
(upstream or downstream of the bridge), changes in watershed land use (urbanization, 
deforestation, etc.), channelization, cutoff of a meander bend (natural or man-made)? 
changes in the downstream base level (control) of the bridge reach, gravel mining from 
the stream bed, diversion of water into or out of the stream, natural loweiing of the total 
system, movement of a bend or bridge location in reference to stream platform, and 
stream movement in relation to the bridge crossing. 

General Scouc This type of scour involves the removal of material from the bed and 
banks across all or:most of the ,width of achanne1.-The scour is caused by increased 
velocities and shear stresses caused by the local area geometry and water surface 
controls. 

General scour results from the acceleration of the flow due to either a natural or bridge 
contraction or both (contraction scour). General scour may also result from the location 
of the bridge on the stream, such as, its location with respect to a stream bend 01. its 
location upstream from the confluence with another stream. In (he latter case, the 
elevation of the downstream water surface will affect the backwater on the bridge, 
hence, the velocity and scour. General scour may occur during the passage of a flood 
and the river may fill in as the flood recedes, thus it may not be directly ev~dent; 
whereas, degradation always results in an evident change that is largely irreversible 
(unless the bed elevation is conrccted). 

General scour from a contraction usually occurs when the normal flow area of a stream 
is decreased either by a natural constriction or by a bridge. The contraction of the flow 
by the bridge can be caused by a decrease in flow area of the stream channel by the 
abutments projecting into the channel andlor the piers taking up a large portion of the 
flow area. Also, the contraction can be caused by approaches to the bridge which cut off 
the overland flow that normally goes across the floodplain during high flow. This latter 
case also can cause clear-water scour (defined further under Local Scour) at the bridge 
section because overland flow normally does not transport any significant bed material 
sediments. This clear-water picks up additional sediment from the bed when it returns 
to the bridge crossing. In addition, if floodwater returns to the stream channel at an 
abutment it increases the local scour there. A guide bank at an abutment decreases the 
risk from scour of that abutment from returning overbank flow. Also, relief bridges in 
the approaches reduce general scour by decreasing the amount of flow returning to the 
natural channel, which then decreases the scour problem. 
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I,ocal Scou.r: Tills is the scollr that occurs at a pier or abutment as the result of the pier 
or abutment obstructing the flow. This type of scour only occurs on a small portion of 
the channel width, where the obstructions to the flow cause local current accelerations 
creating vortices that remove the material around them. 

If the transport rate of sediment away from the local region is greater than the transport 
rate into the region, a scour hole develops. As the depth of scour is increased, the 
strength of the vortex or vortices is reduced, the transport rate is reduced and 

.:equi.iib~i.um +sk msLablt6bed:.md~soouning .ceases. , , 

Generally, local scour depths are much'larger than the other two But, if there are major 
changes in stream conditions, such as a large dam built upstream or downstream of the 
bridge or severe straightening of the stream, long term bed elevation changes can be the 
larger element in the total scour. 

Types of local scour are: 

Clrur-water scour: Clear-water scour occurs when there is no movement of the 
bed material of the stream upstream,of,the crossing but-the acceleration of the 
flow and vortices created by the piers or abutments causes the material at their 
base to move. 

Live-bed scour: Live-bed scour occurs when the bed material upstream of the 
crossing is also moving. 

Lateral Stream Migration: In addition to the above. lateral shifting of the stream may 
also erode the approach roadway to a bridge and change the angle of the flow in the 
waterway at the bridge crossing, causing a change in the total scour. 

Arrnoring: Armoring occurs on a stream or in a scour hole when the forces of the water 
during a particular flood are unable to move the larger sizes of the bed material. This 
protects the underlying material from movement. Scour around an abutment or pier may 
initially occur but as the scour hole deepens the coarsest bed material may move down 
in the hole and protect the bed so that the full scour potential is not reached. 

Table 5.5 presents a checklist of potential problems relating to channel movemnenr/scour 
and the causative factors which should be examined (see also Tables 6.8, 6.9. and 6.10 
for the Design Checklists). 
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Table 5.5 
Checklist of Potential Problems and Factors to be 

Examined for Channel Movement and Scour 

Potential Problem I yes ( NO ~ 
~ ~ 

I I 

Reservoirs 

I , 

( Mining 1 1 1  

Long term degradation or aggradation 

1 Urbanization 

Watershed changes 

I 

1 General scour I I 1 1 
Downstream variable water surface relationship 

Contraction and expansion 

1 Bed configuration and movement 1 1 1  
Live-bed scour 

I  Bends 1 1 1  
I Natural stream constriction I  
1 Long approaches Lo the bridge over the floodplain I  1 I  
1 Berms from sediment deposits 1 1 1  
1 Island or bar formations I  
I  Debris 1 1 1  
I Growth of vegetation in floodplain or channel 1 I  1 
I  Bed and scdiment characteristics 

I  Armoring 1 1 I  
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4.1 Definition sf Symbols 

The following symbols will be used lr, equations tl~roughout Chapter 6. 

T!]e bauk angle with the horizon 
Angl,: of repose 
Charlgc in water surface elevation, ft 
Ratio of the summation of the distances between rows of buildings, Lo: 
to the total length of the reach along a profile parallel to flow, L,, ftfft 
Cross section area of flow, t 2  
Channel bottom width, ft 
Overall correction factor when using a different stability factor or 
specific gravity 
Stability factor correction factor 
Correction factor for specific gravity 
Depth of flow, or hydraulic depth, ft 
The average diameter of a rock particle for which "in percent of 
gradation is finer by weight 
Specific energy, ft 
Freeboard, ft 
Section factor at ci-itical depth, ftm 
Froude number 
Accelerat~on due to gravity, 32.2 ft/s2 
Gradation coefficient 
Velocity head, ft 
Bank angle correction factor 
Individual length between buildings lneasured parallel to flow, ft 
Totai !.ength of the floodplain, including buildings, ft 
Manning's roughness coefficient (see Table 6- 11) 
Roughness coefficient for the area between the buildings in the 
floodplain (i.e., streets. yards, etc.) 
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- 1'" .- -4djusted urban rougtiness coefficient 

P - - Wetted perimeter, ft 

0 -- - Discharge, cfs 

R - - Hydraulic radius = Alp, ft 
- 

rc - Radius of channel center-line c~lrvatur~,  ft 
SF = Stability factor 

So 
- - Channel bottom slope: ft/ft 

. S, -- - . . .. .. %peciXfio:g.ravity ,aff he rock ~ipsrip .. . ,a ~,~ ;. - -  
, I~ 8 .  

T - - Channel width along the top of the water surface, ft 
v - - Average velocity of a section: ftls 

W, = Clear width between buildings, measured perpendicular to flow, ft  
W, = Total width of the floodplain including buildings, ft 

Y ,- - Distance from water surface to the centroid of the section, ft 
Y - - Depth of flow, ft 

yc 
- - Critical depth of flow, ft 

Y" - - Normal depth of flow, ft 

6.2 General 

An open channel is a conveyance in which water flows with a free surface and may be 
natural or artificial. Watural streams usually consist of a normal or low flow channel and 
adjacent floodplains. For purposes of this guideline. the term open channel will include 
the total conveyance facility, floodplain, and stream channel. 

Open channel hydraulics is of particular importance to design because of the 
interrelationship of channels to street and urbanization drainage. In the hydraulic 
analysis and design of bridges and culverts, open channel hydraulic principles are used 
to evaluate the effects of pmposed structures on water surface profiles, flow and velocity 
distributions, lateral and vertical stability of the channel, stream regime, flood risk, and 
the potential reaction of channels to changes in variables such as urbanization; structure 
type, shape, and location; and scour control measures. 

The hydraulic design process for open channels consists of establishing criteria: 
developing and evaluating alternatives, and selecting the alternative which best satisfies 
the established criteria. Elements that should be considered in the design process include 
capital investment and probable future costs, such as maintenance and flood damages 
to propel-ties; traffic requirements; and impacts on the stream and floodplain 
environment. 

If the proposed project will impact Waters of the US. ,  the designer shall take into 
account requirements of the Clean Water Act (CR'A), Section 404. 
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1 ce Corps of Engineers. the pein~itting authority for the 404 permit, will require thc 
designer to first avoid any impacts, second to limit impacts, and finally, to reducz 
impacts consistent. with 404 b( I ) Guidelines (National Archives and Records 
Administration, 1990). If the designer cannot avoid impacting Waters of the U.S., a 
requirement of the permit will be mitigation of impacted areas. The Corps of Engineers 
will also ensure compliance of the project with Section 401 of the Clean Water Act and 
will not issue a 404 permit without this certification. Section 401 of the Clean Water Act 
is the certification process by which the Arizona Department of Environmental Qua.1it.y 

om.l~y~p%rmit~edp~~je~m~~~&abewater~q~~ity.:s~and~ 

Open channel design can be quite complex, requiring both specific education and 
extensive experience; however, when provided with specific procedures and criteria 
many urban applications can be successfully designed by engineers with substantially 
less experience. This chapter examines channel design for common urban applications, 
including roadside channels, channels within developments, and existing channels in 
asban areas or urbanizing areas that can be analyzed as "rigid". Occasionally, channel 
design of movable-bed and non-rigid channels will be required. These are complex, and 
specific design aids and descriptions of design are not included in this manual. For these 
applications, engineers qualified in openchannel-designshould undertake the design, 
Checklists of the requirements and resources to be used for the more complex channel 
designs are included in Section 6.6. 

6.2.1 Urban Open Channels 

. , 
Urbanization causes an increase in both the volume and rate of stormwater runoff. The 
current practice in Maricopa County is to use stom1 sewers and open channels to convey 
stormwater to detention or, more commonly, retention facilities. This practice 
substantially reduces the impacts irom urbanization; however, the volume of runoff 
carried by natural streams will usually be increased. The increase in the volume of 
runoff can cause a change in the overall stability of both natural and artificial channels. 
The analysis of these effects are outside the scope of this manual; however, a discussion 
of these effects is included in Section 6.6, as well as a checklist of technical matters to 
consider and a list of references which supports the checklist. 

When land is developed, runoff from urban areas is concentrated to control stolmwatess 
and provide a healthy environment. Even for small basins, concentrated runoff cannot 
simply be turned loose on adjacent grounds. Such action will result in erosion and the 
creation of a "new" urban channel; therefore, planning and design for urbanization needs 
to include approved disposal of newly created iunoff from a development site. It is 
i~nportant to note that interfaces between natural and artificial channels are critical and 
require specific attention during design. In addition, sediment management and strearn 
geomorphology are critical to both natural and artificial channels. 

Thc preceding discussion simply illustrates a few requirements for design of urban 
channels. On large] scales, thr designer may be faced with analysis or design of 
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"non-rigid" channels; however, many urban applications employ "rigid channel" design 
concepts in order to gain sufficient control of urbanized stormwaters, often within a 
limited right of way. This chapter addresses design of rigid channels. 

6.2.2 Floodplains 

e ' % & s i ~ m r a i l y  dccnITing fl~odplainVasweIYasthdse~t'katha~~~.be 
created, or expanded, due to urbanization. Some of these floodplains have been 
identified and are being regulated by local municipalities: the Flood Control District, the 
Arizona Department of Water Resources (ADWR): and the Federal Emergency 
Management Agency (FEMA). The Flood Control District and most municipalities issue 
floodplain usc pcrmits for activities within FEMA designated floodplains, and drainage 
pernlits for activities located outside them. This system has evolved due to two separate 
statutoy authorities resulting in two separate regulations. When developing projects in 
flood-prone areas be aware that even though the project is located in what a 
geomorphologist would classify as a floodplain, if it has not been mapped and published 
by FEMA, then-from a regulatory standpoint-it is nbt considered afleodplain. Iu that 
case, the developer would be required to obtain a drainage permit instead of a floodplain 
use permit. 

Regulation of floodplains has been undertaken by authority contained in the National 
Flood Insurance Program. Engineers designing open channels or analyzing floodplains 
are faced with the provisions of the program; therefore, the following short description 
of the program and its requirements is included. 

Special Flood Hazard Areas (SFHA) have been delineated on Flood Insurance Rate 
Maps (FIRMS) which can be obtained from the local jurisdictional agency (i.e., the 
Flood Control District of Maricopa County, City of Phoenix, etc.). The 100-year flood 
boundaries, flood insurance rate zones, and regulatoy flood elevations are shown on the 
FIRMS. All new development and significant modifications to existing uses must be 
approved by the jurisdictional agency responsible for regulating floodplains in  the 
channel reach in which the development or modifications are to occur. 

6.3 Artificial Channels 

Artificial open channels are used in drainage for a wide variety of applications. The 
applications vary in scale from modest roadside ditches and on-site drainage to large 
conveyance facilities that can be several hundrcd to several thousand feet wide. Channel 
linings heavily influence other physical characteristics of open channels. 

This section covcrs the open channel design applications more commonly encountered 
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by civil engineers. 'Flit ilr~igr? ~s~*:~hocis preseated ii, :his sectinn requi1.e rigid grade 
co~itrol of !lie channc:l. 

Applications invalving rivers anti lag: !~ashcs or channels--which are considered 
"non-rigid"--require special design skiils, and the design of these channels should not 
ht, attempted with the design techniqr.~~:, contained in illis manual. 

. , 

6.3-1 R a e  Considerations 

Open channel failures frequently result from poor layout of surrounding land during the 
planning process. Without consideration of hydraulic parameters during the earliest 
phases of planning, unsafe conditions are likely to result and, often, facility and 
~naintenance costs are excessivz. A typical example of a safety problem is a high 
velociry channel being r e q u i d  in a residential area. 

All natural channels are in a constant state of change. Natural channels that have stnall 
changes resulting from periods of low flows and-periods of relativelyliigh flows are 

:. considered in equilibrium. The ideal artificial channel is one that approximates a natural 
channel in equilibrium, or one which has been carved over a long peiiod of time. These 
channels do not have excessive velocities, and are without closely-spaced, sharp, and 
reverse curvatures. Artificial channels should be aligned with the entrances and exits of 
hydraulic structures. In all cases, the issue of wet and dry weather safety should be a 
paramount consideration in route and right-of-way determinations. 

Larger natural channels have :ow flow channels contained within their bottom width. 
To provide low cost maintenance, artificial channels should be stable for both low and 
high flow rates. This may require the use of a low flow channel to prevent the 
accumulation of silt, which reduces channel capacity. The route should permit the use 
of a uniform and stable channel side slope; permit the maintenance of subcritical flow; 
and maintain constant channel properties such as width. side slopes, and depth. Because 
this condition is sometimes difficult to achieve, it can result in channels that are likely 
to tnove and, hence, result in ongoing risk and continuous maintenance. 

6.3.2 Choice of Channel 

The choices of channel linings available to the designer are numerous, and depend upon 
good hydraulic practice, environmental design: sociclogic impact, basic project 
requirements, recognition of risks involved, maintenance, and economics. Howzver, 
from a practical standpoint, the basic choice lo be made initially is whether or not the 
channel lining is concrete, soil cement: rock, or earth. In some instances, a grass lining 
is appropriate. 
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Ths actilwl rhoici: mntra: be made upon a variety of multi-disciplina~y factors and 
cornpie w cor~siderations u~liich ir~clude, anLong others: 

Rydraulic 
Slope of thalwcg 
Right-of-way configuration and amount required 
Siream bed controls-bed stability 

- 'Topography 
Ability to drain adjacent lands 

* Geotechnjcal 
Ground~vater levels and :;roundwaler rccharge 

Structural 
Costs 
Availab~lity of matcrial 
Areas for excavarion materials (spoil sltes) 

Ei:llvironinental 
* Neighborhood character 

Neighborhood aesthetic requirements 

Need for new green areas 
* Street and traff~c pattern 

Municipal or Flood Control District policies/ordinances 
Need for open space 

Sociological 
Neighborhood social patterns 
Neighborhood child population 
Pedestrian traffic 
Recreation needs 

6.3.2.1 Description of Channel Types: Atificlal channel types can vary with the shape 
of the section and with the lining used for the channel bottom and banks. Typical 
channel lining types include concrete, soil cement, rock. earth (natural), and grass. These 
linings can be used alone or in combination with other linings. Typical linings and 
sections are shown in Figure 6.1 and are discussed in detail in Section 6 5. 

Some of the sections of Figure 6.1 show an optional low flow channel (discussed 
below). however, compound sections larger than a low flow channel may be desirable 
simply because they ~ncorporate hiking trails and other recreational activities. 

Concrete Lined Channels: Concrete lined channels are used primarily where right-of- 
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way is iimited. The channels 1.12~ be designed for either subcritical or supercritical flow 
and generally have steep side slopes because of the limited right-of-way. Inherently. 
'Lbese channels present greater personal safety problems both in wet and &y weather (see 
Section 6.3.2.4). In addition, supercritical flows present greater problems to the designer 
in the design of the channel and in the design of appurtenances such as bridges and 
culverts. Channels with supercritical flow require special attention to constiuction joint 
details. changes in channel alignment. transitions, and at the interface with all hydraulic 
structures. 

concrete channels are needed in these areas, fencing should be used to control access. 

Concrete lined channels require reinforcing steel and minimum concrete thicknesses 
dictated by anticipated structural loads and the clearance requirements of steel 
reinforcing. It is not recommended that non-reinforced concrete be used for open 
channels. In addition. concrete lined channels require weep holes and/or subdrains to 
prevent uplift damages. Figures 6.1 and 6.2 illustrate that the top of the concrete is tied 
into the ground, which is required to prevent erosion caused by water entering the 

.,, ;, ,- channel laterally, erodingthe soils behind theconcrete and,damaging3he.lining,:Several 
instances of channel failure in the Maricopa County area have occurred due to the lack 
of a proper tie-in at the top of the concrete channel lining. Figure 6.2 provides details 
for key-ins required for concrete, shotcrete and soil cement channels. 

Soil Cement: Soil cement linings are composed of a thick lining of soil cement without 
reinforcement and have been used successfully in Maricopa County. Soil cement is 
subject to weathering, including erosion, and may not have good life cycle traits when 
used in the bottom of channels. The side slopes can be steep (2 horizontal : 1 verticalj; 
therefore, the same restrictions for concrete-lined channels should be placed on the use 
of soil cement channel types when they are used in residential and recreation areas. 

With the possible exception of channel bottoms, soil cement can withstand higher 
velocities than some of the lining types. Soil cement is most likely to be used for a 
channel with a limited and restricted right-of-way or as bank lining near bridges and 
culverts where ambient stream velocities tend to be higher than the average velocity 
within a channel reach. If soil cement is to be used in conjunction with an earthen or 
grass-lined channel bottom, control of channel grade and scour must be incorporated 
into the design of the channel. 

Rock Lined Chaiznels: This class of lining includes both common riprap and gabion 
riprap linings. In general, both of these types require placement of a gravel-filter layer 
and/or filter fabric between the rock layer and the natural ground. Excluding 
applications for hydraulic structures: gabion riprap is normally used when rock of 
sufficient size for comnon riprap is unavailable, poorly shaped, andlor overly expensive 
for a project. Because of weathering and vandalism, gabion riprap should not be placed 
on slopes steeper than where common riprap would be used (see Section 6.5j. 

Riprap channels are to be designed for subcritical flow; however, because the 
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Figure 6.1 
Typical Channel Sections 
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'Typical Bank Protection Key-ins 
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permissible side slopes are steeper (3  horizontal : I vertical) than allowed for either 
grass lined or earth lined channels, riprap lined channels will normally be used in areas 
with restricted right-of-way. These channels will flow in the subcritical range and the 
:ough texture may permit a11 individual to exit from the channel during flows, 
potentially permitting less restrictive safety requirements than for a typical 
concrete-lined channel. Design around hydraulic structures may also be less restrictive. 
Use of toe rock with riprap side slopes can work successfully in combination with an 
earth bottom. This channel is much less prone to move than a totally earth lined channel. 

ron+fiigid design ~&niques;.must.he~n~ed.~,:when,.~~a~h~~oh~anne1i bottorn~..are.~~ambind,. ... . .::, . 
with riprap sides. The riprap toe protection (toe rock) should be designed to protect 
against anticipated scour (see Figure 6.12). 

Earth Lined Channels: This category includes both bare earth and naturally vegetated 
channels in Maricopa County. Subsequent to construction, some revegetation will 
naturally occur. or landscaping practices may be used to establish growth of indigenous 
plant materials. For Maricopa County, this growth will hc desert-like, with few grasses 
and a sparse spacing of other plant materials. 

Earth lined;channels are designed for subcritical flow ranges. The widthLodepth ratios 
are large, the side slopes are flatter than 4 horizontal : 1 verlical, and grade control is a 
requirement of the design. The smaller-size range of these types of channels d o  not 
require low flow channels; however, for larger-sized channels and for channels used for 
pedestrian corridors, an armored low flow channel may be required to achieve effective, 
low-maintenance channels. Riprap toe protection may be used to increase channel 
stability. 

Grass Lined Channels: These channels have similar properties to earth lined channels 
with side slopes no steeper than 4 horizontal : 1 vertical. The root structure of the grass 
permits higher flow velocities and smaller sections. Non-irrigated. grass lined channels 
will revert to earth lined channels; therefore, all references to grass lined channels will 
be for irrigated grass. 

Because water must be conserved in the desert environment, grass lined channels are 
most likely to be used as part of landscaping for smaller development tracts and as part 
of local and regional park schemes where multiple use activities are included. 

6.3.2.2. Flow Characteristics: 

Design velocities for all linings should not fall below 2 fps to minimize sediment 
depositional problems. 

Determine the maximum allowable velocity from Tables 6.1 and 6.2. Calculate the 
allowable capacity for the drainage ditch using Manning's formula with an appropriate 
n value. Manning's n values for typical channel matcrials are presented in Table 6.11 
(page 6-64). If the natural channel slope would cause excessive velocity, employ drop 
structures. checks, riprap. or other suitable channel protection. 
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'Table 6.1 
Maximum Permissible Velocities for Roadside 

Drainage Channels with Erodible Linings 
(USDOT. FHWA. 1961 and 1983) 

i Soils Type of Lining :-7 Permiss~ble 
(Earth, No Vegetation) velocity ('I, ftis 

I 
i i 

, ,, . ,  , i- Firie.Sand : , ,  ,.. (noncolloidal] ,. , ,  4 ,  i i. ?.5 .,.; , ,  

I Sandy J,oam (noncolloidal) I 2.5 I 
1 Silt Loam (noncolloidal) 1 3.0 I 
1 Ordinarv Firm Loam I 3.5 1 
1 Fine Gravel I 5.0 I 

Stiff Clay (very colloidal) 

Graded. Loam to Cobbles (noncolloidal) 

Graded, Silt to Cobbles (noncolloidal) +- 5.5 - 

Alluvial Silts (noncollo~dal) 3.5 

1 Alluvial Silts (colloidalj I 5 .O I 
I Coarse Gravel (noncolloidal) I 6.0 I 
I Cobbles and Shingles I 5.5 1 
1 Shales and Hard Pans I 6.0 1 

(1) For s i n ~ ~ o u s  channels multiply permissible velocity by: 
0.95 for sl~ghtly sinuous; 
0.90 for moderately sinuous; and 
0.80 for highly sinuous 

6.3.2.3 Low Plow Channels: The majority of storm events will be less than the design 
srorm, resulting in frequent low flow condirions. Low flows in earth- or gvass-lined 
trapezoidal channels will deposit sediment and develop their own pilot channel which 
will be meandering and could direct low flows into the channel banks causing bank 
erosion. Design of low flow channels will prevent meandering and will direct low flows 
in a controlled manner. 

Rouilding the channel bottom to approximate a parabolic shape will cause the ccnterline 
of !he channel to act as a low flow channel. Alt~rnatively, the channel bottom could be 
irraded into a shallow V-shape to lower ih.2 centerline. ., 

Because of the potential fov long-term channel aggradatic~n, base flows and crop 
irrigation return flows may req~~i re  speclfic considera:ion. Vdaterways which are 
no:.inally dry O C T ~  have sonlewhat coniinklr~us iuw flows tl:ier :n.banization hezause o i  
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'Table 6.2 
Roadside Channels with Uniform Stand of 

Various Grass Cover and Well Maintained ""2' 

(Adapted from USDOT, FHU'A 1961 and 1983) 

II I I Permissible Velocity, fps II 

Bermuda Grass 
0 to 5 
5 to 10 
Over 10 

Desert Salt Grass 
V ~ n e  Mesquite 

Lehrnan Lovegrass 
Big Galleta 
Purple Threeawn 
Sand Dropseed 

(1) Use velocities over 5 fps only where good covers and proper maintenance can be 
ohtained. 

(2) Grass is accepted only if an irrigation sysrem is provided. 
(3) Not recommended for use on slopes steeper than 5 percent. 
(4) Annuals, used on mild slopes or as temporary protection until permanent covers are 

established. 

0 10 5 
5 to 10 
Over 10 

0 to 5 (') 

Sudangrass '" 0to5" '  
Barley '4' 

lawn irsigation and other outside uses of water, including crop irrigation return flows for 
developments on the edge of urbanizing areas. Maricopa County is generally typified 
by low groundwater tables, porous surface materials and limited irrigation, which tend 
to reduce low flows and shofl-term problen~s of aggradation and wet channel bottoms. 

Base flows for larger drainage basins can be a significant stability and maintenance 
problem for earth- or grass-bottomed channels. In this discussion, base flows can be 
considered as flow rates that are less than the 5- or 10-year storm events. If grass and 
earth channcls are too wide, the low flows will tcnd to incise a channel within the 
bottom, giving rise to both higher maintenance requirements and more channel 
instability when larger storms occur. Because flows of sufficient size to cause a low 
flow channel to form may not occur for several years. the magnitude of this problem 
may not be observed for several years. 

3.5 
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, , 

Wile11 :aicula?ions ii!u;tratc the need for low flow channels: it is important to provide 
for notches in hytlraulis siructures to pass low flows. Without this provision, the low 
flows ail! not be confi~?ed and local aggradarion may lead to failure of hydraulic 
siructures and c:lr,nnels. 

6.3.2.4 Safety: Srctic~n 5.2.2.13 contains a full discussion or safety, however, with 
regard to open challiiels, it may be necessary to provide Category I safety 
devices---prin2arily fencing---to preclude wet and dry weather access to drainage 

,f:l~i,l&s ,~,h~.ca~,&=e.hazapd~u.6, . . . .,, , . . ~. 

Except as subsequently provided, fencing will be required for all new concrete, 
shotcrete, and soil cement lined channels with side-slopes steeper than 4:l that meet 
a Class A hazard as defined in Table 5.2 (page 5-13). Subcritical channels lined with 
concrete, shotcrete, and soil cement lined depths and bottom widths less than 3 feet 
and 5 feet, respeciiveiy. will not require fencing. Fencing may be required by indi- 
vidual entities regardless of the conditions listed in this manual. A 

6.8.2.5 Main1enant:e: Mainrenance considerations are an important -factor -in open 
channel design. Grass-lined channels require irrigation and mowing. Earth-lined 
channel.; need to be kept clear of vegetation and debris. Concrete-lined channels require 
periodic maintenance and may also require sediment removal after intense storms. 
Consider the required level of maintenance and obtain assurance of the proper level of 
maintenance for all designs. 

6.3.3 Design of Artificial Channels 

This manual provides the SinzpL$ied Design Proced~rre Tor normally encountered design 
problems in open channels that can be applied only to discharges less thzn 2,500 cfs. 
When a condition is encountered that is beyond the scope of this simplified procedure, 
an increase in the. detail of analysis is required. Section 6.6 includes design checklists 
for artificial and natural channels. The basis of the checklists is for the designer to 
address the probable important factors on each assignment. For common, controlled 
conditions, there are simplified approaches to design that can be used; however, when 
a condition occurs that requires a higher level of technical approach, the design 
procedures require engineers qualified in open channel design techniques and more 
complex procedures. 

The iuformation contained in this section is to be used as the designer proceeds through 
the checklist items. As often noted in this manual, the intent is to provide design 
approaches and support for the most commonly encountered conditions. For more 
complex problems, a con~plete checklist and recommended minimum references to 
support the checklist are included in Section 6.6. These references are especially helpful 
for those facilities involving significant sediment transpoit issues or complex hydraulic 
structures for grade control andlor energy dissipation. 
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6.3.3.1 Design Criteria for the Simplified Design Procedure: This section addresses 
properties of channel cross sections. Methods of calculating channel bottom slope, 
hydraulic depths, and other hydraulic characteristics follow. 

The parameters listed in Table 6.3 and within this section should be used as guideline 
values. 'The criteria in Table 6.3 can be adjusted, but only by making request to the 
Flood Control District and/or other regulating agency. The request must be accompanied 
by a specific detailed design prepared by a registered engineer using the long-form 

, , ~design;procedure.~(&0klist~outli.ned~in~ectinn.6~6~:C~v~r~y.~~in~~th6~0ur~ofdesign~ . 
conditions requiring more stringent criteria may be found. In this instance, use the more 
restrictive procedures and criteria. Table 6.3 contains the channel properties to be used 
hy designers of open channels using the SimpI$edDesign Procedure. It should be noted 
that the channel properties change with the design discharge, which is a result of the 
hydraulic characteristics of open channels. As the design discharge increases, rigid 
channel design becomes increasingly more difficult to achieve. Safety considerations 
and the force of water combine to demand greater and greater design skills as the design 
discharge increases. 

6.3.3.2 Hydraulics of Open Channels: For a relatively long, .straight, and uniform 
channel, normal depth (i.e., uniform flow) calculations can be used to determine the 
discharge capacity at varying depths for a constant cross-sectional area. However, 
practicing engineers working in an urban environment will rarely encounter either 
*xisting conditions or design conditions where uniform flow calculations are adequate 
to totally define the flow conditions associated with a given discharge. Transition 
sections, channel junctions or confluences, channel hends; and hydraulic structures (e.g., 
culverts and bridges) can create major or minor deviations from uniform flow 
conditions. Therefore, the engineer must consider these deviations (covered elsewhere 
in this manual) when designing or analyzing drainage channels. 

Lirziform Flow: For a given channel condition of roughness, discharge: and slope, there 
is only one possible depth for maintaining a uniform flow. This depth is the normal 
depth, Y,. When roughness, depth and slope are known at a channel section. there can 
only be one discharge for maintaining a uniform flow through the section. This 
discharge is the normal discharge. 

If the channel is unifoml and resistance and gravity forces are in exact balance, the water 
surface will be parallel to the boltom of the channel. This is the condition of uniform 
flow; however, uniform flow is more often a theoretical abstraction than an actuality. 
The engineer must be aware that uniform flow computation provides only an 
approximation of what will occur; however, such computations are useful for planning. 

The normal depth is computed so frequently that it is convenient to use special graphs 
for various types of cross sections to eliminate the need for time consuming trial and 
error solutions (see Figures 6.13 and 6.14, pages 6-65 and 6-66). 

Equations 6.1 through 6.1 1 are presented to aid in determining fundamental quantities 
in open channel flow-such as no~mal and critical depth and specific energy and design 
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Tabit 6.3 
Criteria for Using the Simplified Design Procedure 

Artificial Channel Properties 
Simplified Design Procedure 

(Q c 2,500 cfs) 

1 Type of Channel Liningi1' Maxilr~r~zn Velocity, fps ''I 
, . . I . .. -- .. / con&dte 0: 15 1 soil cement 1 ;:; + 9tj; 

Groulcd Rock g ( 5 ,  
I 

Gabion Baskets 

I Grass (irrigared & maintained) 2.5 to 6.0 "! 
,.. 

Eanh 7.5 to 6.0(" 

(6) 
(7) 

Note. 

The values in this table are for channel sections with h e  same lining :tiaterial for 
bottom and sides. For conditions where the bottoiiis and sides of thr channels are 
different, the most eritieal applicable criteria are to be used. 
Maximum velocities listed for erodible linings are to be checked in each design to 
assure that erosion will not oceur. 
The concrete lining classification also includes mortar or ~.oncrele pnzun~arically 
applied (shoterete) (see Section 6.5.2.7, page 6-36), 
When using vertical sides, refer to Chapter 7 for design of reinforcrmeni. 
Guideline only. Strict limits have not been set because this manual recolrlme~ids that 
these channels flow suhcritically (see Critical Flow, page 6-16). 
Refer lo Table 6.2. 
Refer to Table 6.1 

1. Compute the Freeboard using Equation 6.11) (page 6-21j, with minimums of 1 
and 2 feet for channels designed for subcritical and supercrilical flow, 
respectively. For curved channel sections, refer to Equation 6.9 (page 6-20). 

2. The criteria listed in this table are boundary values. 7 he designer is responsible 
for determining adequacy of criteria for each specific application. For design of 
lining materials, analyses of soil conditions and subsurface drainage may be 
required by the Flood Control District and/or other jr~risdlr;tio!ial agencies 
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considerations of freeboard arid minimum radius of curvature. See Section 6.1 for 
definitions of tile S ~ I T I ~ O ~ S  used in these eqliations. 

Generally, it is necessary to apply Manning's For~niila (Equation 6.1) to sections of !he 
channel w1iii.h ha1;r: similar properties: 

hlultiplying velocity by the sross sectional area of flow results in: 

Because of variable channel cross sections and channel properties, uniform flow 
computations are rarely used solely as the basis for open channel design. Nornlally, a 
designer will use these values for coiiceptual level decisions. Decisions relative to 
preliminary and iinal , design requirements should. be made through backwater 
determinations (ses Section 6.4). 

Critical Flow: Critical flow in an ope11 chainel or covered conduit with a free water 
surface is characterized by several conditions. Some of them are: 

* The specific energy is a minimum for a given discharge 

The discharge is a maximum for a given specific energy. 

* The velocity head is equal to half the hydraulic depth in a channel of small 
slope. 

The Froude number is equal to 1 .O. 

With the presence of a free surface in an open channel, the force of gravity has an effect 
on the state of flow. The effect of gravity on open channel flow is represented by the 
ratio of ineitial forcrs to gravitational forces. This ratio is known as the Froude number 
(F,) and is computed by rearranging Equation 6.3: 

For subcritical and supercritical flows F, < 1 and F, > 1, respectively 
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, .cne FVoiicir? number (F,) will be uscd in thii  chapter as :: design guideline. To avoid 
sediment c!epositio~:, velociries shou!d not he below 7. fps. 

11 Due :o erosion and x:oui of erodible channzls and safety conccrns with excessively 
;Lhigh velociries, !h.: recommended ;pptr liinit of F, is 2.0. 

- - L -. . . - -- 

'The specific em:-gy iE) in open channels is the sum of the depth of flow and the velocity 
. . bc.ad: . , ,  , . 

;\ ci~aracteristic specific energy curve is made for r i  specific flow rate in a channel (see 
;Figure 6.16, page 5-65). Two depths of flow, called alternate depths, will exist for each 
energy value; the lower depth will be supercritical and the higher depth will be 
subcritical. As the energy approaches a minimum, toward Y,, the alternare depths will 
vary by small amounts. Minor changes in cross section, flow rate, channel roughness, 

.. or slope can cause the flow to pass through critical flow and on to its alternate 
depth-therefore, avoid the regime of flow near minimum specific energy. This flow 
phenomena is characterized by a wavy water surface, weak hydraulic jumps, and 
r~nsteadiness in the flow. 

In the s~lbcritical region, as F, increases toward 1 ,  the velocity increases and the depth 
of flow decreases. As long as the velocity does not increase past the permissible velocity 
shown in Table 6.3, short-lived instability of near critical flow is acceptable. On the 
other hand, near critical flows in the supercritical regime may cause hydraulic jumps 
with the ~ninor changes in cross section, flow rate, channel roughness, or slope, as 
mentioned above. This type of flow instability is undesirable for any duration, therefore 
supercritical flow will be permitted only if the flow is well established in the 
supercritical flow regime. 

The guidelines in this manual restrict soil cement, grouted rock, riprap, and grass and 
earth lined channels to subcritical flow. 

The Froude Number limit for all types of channel linings is F, s 0.86. For concrete, 
shotcrete, and mortar lined channels, the additional range of 1.13 _i F, i 2.0 is 
allowed. So that flow will be stable, F, should not fall between 0.86 and 1.13. 

Since. critical flow is to be avoided, it is important to be able to calculate the critical 
depth, Y,. Substituting Q2/A2 for V' in Equation 6.3 yie!ds: 
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Equation 6.6 is solved by successive approximation, and will only be satisfied for 
critical flow for the given discharge and cross section. Manipulations of Equations 6.3 
through 6.6 will yield simplified expressions to determine critical depth for comnlon 
prismatic channels (see Handl~ocjk qf !fiydraulics: Brater and King, 1976). Only 
Equation 6.6 is included here because it is a general relation that will be satisfied for. a 
channel of any cross section. The successful approximation of Y, can be verified by 
checking whether the specific energy in Equation 6.5 has been minimized. 

, ,, ~. , , 

at or near critical: the shape of the cross section or of the slope should be changed to 
achieve greater hydraulic stability. 

To simplify the computation of critical flow, Figure 6.14 (page 6-66) gives 
dimensionless curves showing the relation between depth and the section factor, F,, for 
rectangular, trapezoidal, and circular channels: 

Ror~ghness Coefficients: Roughness coefficients (n) for use in Manning's equation v a q  
considerably according to type of material. depth of flow, and quality of workmanship. 
Table 6.11 (page 6-64) lists roughness coefficients for pipes. earthen and natural 
channels and for various artificial channels. 

If unsure of a specific value of roughness, the designer should check the possible range 
of roughness coefficients to locate potential problems. 

6.3.3.3 Design of Rigid Channels: To be able to use the Simplrfied Design Procedure, 
the channel must be less than 2,500 cfs and "rigid." To be considered rigid, both the 
banks and the channel bottom must be stable. This generally results from the channel 
layout and from grade control. 

Layout: In general, channel layout should follow existing washes: swales, or 
depressions. 

Unless special exception is made by the governing agency, all artificial channels 
must begin and end where, historically, runoff has flowed. 

This requirement applies both to the point where water becomes channelized and the 
point where runoff leaves the channel. This requirement is legal in nature as well as a 
matter of preventing erosion and propeity damage that would not have occurred without 
the drainage work being constructed. In addition, the water surface along the route 
canrzot be raised so that damages occur as if improvements had not been made. 
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Car,: should he takiei~ rjot lo choose rouces which lengthen the channel sufficiently to 
reduce channel slopcs beiow that which will cause sediment deposition during low 
flaws. Use Equa:ians 6. I and 5.2 to verify this conditioi~. Likewise, channel layout can 
be used to reduce excessive chanriel slopes :uld the amount of grade control structures 
that are required. 

It is most importan! to achieve a good channel layout in conceptuai and preliminary 
layo1~t-oE~~~e~u~0u~1ding.i1md~:u~e~~h~~~e1a0ra1~:the~~ad~i~~~.0f~r~ature~~~h(~~1da0t~~be~1e~, . . , - 

than three times the design flow top width. 

Grade Control: There are. Inany references to grade control requirements throughout this 
chapter, and it is difficult to overstate its importance. This section describes the benefits 
of grade control and the need for it in the design and assessment of channel stability. 
Actual design of man-made grade control structures is discussed in Chapter 7. 

Grade control must be established as a condition of using the Simpl<fied Desigr~ 
Procedrire. It is a critical factor in the behavior of non-rigid channels. In its basic form. 
grade control can he any natural or man-made section of a channel that does not permit 
channel degradation or aggradation. Grade conuol is most often thought of as causing 
water to pass through critical depth; however, this condition is not required to establish 
grade control. Examples include: rock outcroppings, culverts under embankments, drop 
structures, and bridges; however, not all drop structures; culverts, or hridges can be 

. . considered as grade control structures. Channels with steep bottom slopes that cause 
channels to meander can wash out emhankments, as can culverts and bridges plugged 
by debris or that are too small for the flood evenL that occurs. 

Grade control and channel slope are interrelated. It does little good to establish grade 
control within a specific reach of open channel; when the channel downstream is 
headcutting or undergoing rapid deposition. When designing artificial channels, the 
designer needs to assess the stability of the section(s) immediately downstream from the 
segment under design. 1f there is evidence of ongoing downstream degradation, a grade 
control structure will be required-at a minimum-LO a depth sufficient to preclude 
further headcutting in the channel. 

Regardless of the size of watershed, a key design element, including conceptual layout, 
is establishing whether or not grade control exists below the design section. General 
degradation and aggradation is beyond the scope of this manual; however, refcrences 
are provided at the end of this chapter. 

For each alternative investigated, the selected channel slope should result in a stable 
channel, particularly for earth-lined channels. Within a reach of artificial channel, gradc 
control structures should be used as required to meet the requirements listed in Table 
6.3. 
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Channel Curvature: 

For channels with Froude numbers less than 0.86, the ratio of the channel radius, r,: 
(at the centerline) to the design width of the water surface shall be greater than 3.0. 

esign : ~ ~ ~ d e f l ~ t i c s m s . ~ ~ u n $ . ~ ~ v ~ . ~ f o r : s u ~ - . i s  bejiend.thescope .,af,..this . .. . ~ 

manual; refer to Handbook of Hydraulics (Brater and King, 1976) and Open Channel 
Hydraulics (Chow, 1959). 

For Froude numbers Treater than 0.86, the radius of curvature will be computed from 
the formula: 

Curves in a channel cause the maximum flow velocity to shift toward the outside of the 
bend. Along the outside of the curve, the depth of flow is at a maximum. This rise in the 
water surface is referred to as superelevation. The shift in the velocity may cause 
cross-waves to form, which will persist downstream when the flow is sirpercriticul. 
Severe erosion. deposition and reduced channel performance result from severe 
curvatures in channel alignment. To minimize the effect due to channel bends, channel 
cu1:vature should only be used where topographic or other conditions necessitate their 
use. If the flow is supercritical, special design criteria may need to be employed to 
eliminate the downstream effects. 

For superelevation under subcritical conditions, the following formula is generally used: 

The freeboard requirements are to be added to the superelevated water surface elevation 
for both subcritical and supercritical flow. 
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Freeboard: 

- -- - - - - -- - - - - - -__..-l_lll_--" _ll____l-_l-.- ^ 

I Required freeboard i s  co~.nputed according to ihe following fori171.~la: 

The minimum freeboard value for rigid channels shall be 1 foot for subcritical and 
2 feet for supercritlcal flows. Using a smaller freeboard in speciiic cases :equires 
prior approval of the governing agency. 

Additional freehoard may be called for in specific cases if aggrad2tion is substantial 
during a single flow event. 

Low Flow Chatznels: For,channels with grass or earth bottoms, it is recommended that 
low flow channels (see Figure 6.1, page 6-8) be considered wheriever the following 
condition exists: 

where V and Y are respectively, velocity and depth for the 100-year event. 

'The existence of frequenl grade control structures may also preclude the requirement for 
compound channel sections: however. where grade control structures are used in 
conjunction with low flow channels, the hydraulic structure should be matched to pass 
flows within the low flow channel. 

Supercritical Flow: Supercritical flow in an open channel in an urbanized asea creates 
certain hazards which the designer must take into consideration. From a practical 
standpoint, it is generally unwise to have any curvature in a supercritical channel. 
Careful attention must be taken to insure against excessive oscillatory waves which may 
extend down the entire length of the channel from only minor obstructions upstream. 

In a supercritical channel, there shall be no change of cross-sectional shape or area at 
bridges or culverts. Bridges or other structures crossing the channel 111ust be anchored 
satisfactorily to withstand the full dynamic load which might be imposed upon the 
stlucture in the event of major trash plugging. Concrete linings must. be protected from 
hydrostatic uplift forces which are often created by a high water table 01. momentary 
inflow behind t!le lining from localized flooding. 
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Backwater computation merhods are applicable for computing the water surface profile 
or the energy gradient in channels having a supercritical flow; however, the 
computations must proceed in a downstream direction. The designer must take care to 
insure against the possibility of unanticipated hydraulic jumps forming in the channel. 

Design of deflections and curves for supercritical flow is beyond the scope of this 
manual: refer to Handbook of Hydraulics (Brater and King, 1976) and Open Channel 

. . .,. ,".lilydrmlics~(Ch~ , . . . 

6.3.3.4 Preliminary Design: It is important that major design issues be identified and 
decisions about them made before proceeding into final design. In addition to the master 
plan consideration of the initial route, downstream control. and channel type, there are 
a number of technical items that must be evaluated prior to commencing final design. 
Some of these issues are: 

Control flow at the beginning and end of a channel reach to prevent damage to 
existing channels. 

Eliminate potential hydraulic jumps (this should only be an issue in concrete and 
shotcretc channels). Hydraulic jumps will be pemutted only in planned locations 
at hydraulic structures (see Chapter 7). 

Minimize the use of alignment deflection in supercritical flow 

The degree to which low flows affect channel stability and maintenance should 
be reflected in the chosen channel cross section. 

Determine safety requirements in conjunction with other hydraulic structures 
and with the inlets and outlets of conduits. 

Plan for possible seconda~y uses that can reduce urban costs by providing other 
benefits. 

Determine the need for freeboard requirements 

6.3.3.5 Final Design: Unless exempted by the governing agency, water surface pl-ofiles 
must be computed for all channels during final design and clearly shown on a copy of 
the final drawings. Computation of the water surface profile should use standard 
backwater mcthods, taking into consideration all losses due to changes in velocity, 
drops, bridge openings, and other obstructions (see Section 6.4). Other than supercritical 
concrete lined channels, computations begin at a known point and extend in an upstream 
direction for subcritical flow; this is why the channel should be designed from a 
downstream direction to an upstream direction. It is necessary to show the energy 
gradient on all preliminary drawings to help insure against errors. Whether or not the 
energy gradient line is shown on the final drawings is optional. 
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Rcniember 11-iat open channel flow in urban drainage is usirally non-uniform because of 
bridge openings, curves: and structures. so backwater computations must be used for all 
final channel ciesign work (see Section 6.4). 

6.3.3.6 lPesign uf Non-Rigid Channels: Large washes and locations where urbanized 
channels discharge into non-urbanized areas are the most likely candidates for this type 
:I;' design. Non-rigid channel design requires special design skill and experience; 
rherefore, desjgn ppa~mcters and procedures are not described in this manual. However, 

. . 2 c h e ~ ~ ~ 1 . i s t c f o r . n  -requirements..:md ~a.list:of .reft?r;ences: .that.,.ad&ess ,aon:rigid, 
channel design are included in Section 6.6. 

Non-rigid channel design can have econonlic benefits though reduced channel sections 
using movable beds and fixed sides. or permitting a channel to seek its own equilibrium 
without conslructing tirainage facilities. In these instances, designers may be required 
to develop ~alculalions to prove channel stability or to prove that the channel will 
maintain its coursc within cel~ain specified limits. 

6.4 Natural Channels 

111 Maricopa County, floodplains tend to be wide, braided, and 1101 permanently fixed 
in one location. Furthermore, velocities tend to be high. causing difficulties for channel 
:nodifications to be effective. Designers working in Maricopa County are, therefore, 
luterested in the course of natural channels, especially where development will occur. 
Other design interests include the existing washes into which drainage from 
development will empty, and changes that occur in natural channels due to increases in 
the volume of runoff that occurs from urbanization. 

Floodplain analysis tends to be w r y  complex; however, a basic understanding of the 
behavior of natural channels and the methods of analysis can be very useful in the 
overall approach to drainage design. A common requirement for many projects i s  
determining water surface proliles. 

Natural channels tend to be in a steady state of change. Mountainous streams can be 
rigid, yet: in a geologic franework, are in a constant state of headcutting. While some 
mountainous regime channels exist, Lhe natural channels that most commonly occur in 
bfaricopa County lie within alluvial materials that have been deposited over long 
pcriods of tirne. 

At transitions from natural to artificial channels, an array of problems can occur. Ebsion 
can occur where the artificial channel has a substantial increase in conveyance compared 
to an upstream, natural channel. Because of their steep nature: the most common 
problem associated with mountainous streams is the sedimentation that predictahly 
occurs where the natural channel interfaces with ~ i f i c i a d  channels which confine flows 
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through development. Low flow channel sections may be required in the artificial 
channels to move sediment. Sedimentation can be expected where attempts are made to 
sharply deflect the direction of flow from the naturally steep channels. This condition 
should be avoided. 

In the more common alluvial cases, natural channels tend to deposit sediment and 
meander during low flow periods (which is most of the time) and to erode and straighten 
channel alignments during rare events. It is in this manner that the alluvial fans have 

, , . - ,,, bem:iamed::GenerallyY .if.allu~ial~~im~~i~1~exists~~th~n:.t.here~1s. some zpoatix&ial idarr2the-m .,, , . , 

stream to reoccupy the alluvial areas resulting from a period of high flows. Therefore, 
it is necessary to acknowledge the potential for a natural channel to be 'non-rigid'. 

Floodplain analyses tend to overlook this tendency for a natural channel to move, and, 
in many instances, this is an acceptable approach: however, the strict use of this 
approach within urbanized areas can lead to unfortunate results. As a result, there is 
often a need to utilize bank protection and hydraulic structures to selectively transform 
a non-rigid, natural channel into a more rigid channel. 

Unless a natural channel i s  steadily .aggrading or degrading, the consrruction of roads 
with adequately sized and protected bridges will significantly linut the lateral movement 
capability of most channels. Notable exceptions in Maricopa County are the extensive 
alluvial fan areas, which are outside the scope of this manual. Combined with bridges, 
the selective use of bank protection and grade control structures can prevent a natural 
channel from moving over a wide range of flow rates. 

The entire hydrological approach to converting a natural waterway which has 
historically transported water from mral lands to an urban major drainage channel is so 
complex that applicable design criteria cannot be presented completely in this manual. 
It will suffice here to state that the planning for use of such channels must be undertaken 
with the full benefit of engineers with adequate experience in open channel flow, bed 
stability, and sediment transport, together with experts in related fields. 

6.4.1 Analysis of Natural Channels 

The investigations necessary to insure that a natural channel will be adequate are 
different for every waterway. Supercritical flow usually does not occur in natural 
channels and frequent checks should be made during the course of the backwater 
computations to insure that the computations do not reflect supercritical flow. 

Because of the advantages which are available to a conununity by utilizing natural 
waterways for urban s to~m drainage purposes, the designer should consult with experts 
in related fields as to the methods of development. Where natural channels are used, the 
usual rules of freeboard depth, curvature, and other rules applicable to ariificial channels 
do not apply. For instance, when laid out and developed for the purpose of being 
inundated during the major runoff peak, there can be significant advantages if the 
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designer ir:corpora(cs into the planning the overtoppiI?g of the channel and localized 
flooding of adjacent areas. Using natural channels rcquires that primary attention be 
given to erosive tendencies and carrying capacity adequacj~. The floodplain of the 
waterway must be defined so that adequatc zoning can take place to protect the 
waterway frorn encroachment to maintain its capacity and storage potential. 

Section 6.6 contains a checklist of technical issues that need to be addressed when 
analyz.ing waterways in the vicinity of bridges and culverts. A general approach for 

e .e~fdctii'yeness-of.natu~a~~.ch~~n~elP~~i~1~de .sevesai;tas 

* Prepare cross sections of the channel for the major design runoff 

Investigate the bed and bank material as to the particle size classification 

Study the stability of the channel under future conditions oi' Bow. 

Examine channel and overbank capacity to determine adequacy for 100-year 
runoff. 

' ." 
Examine velocities in natural channels to verify that critical ve,locity is not 
exceeded for any section. 

Ilefinc water surface limits so that the floodplain can be zoned. 

* Ljse roughness factors ("n" valuesj which arc representative of non-maintained 
channel conditions. 

* Divide the channel cross sections into units of similar properties for 
determination of water surface profiles. 

* Specify the use of drops or check dams to control water surface profile slope, 
particularly for more frequently occurring storm runoff. 

* Prepare plans and profiles of the floodplain. Make appropriate allowances for 
futurc bridges which will raise the water surface profile and cause the floodplain 
to be extended. 

Evaluate the freeboard with reference to proposed non-drainage structures 

F~lling of the flood fringe reduces valuable storage capacity and tends to increase 
downstream runoff peaks. Filling should not be used in the urban waterways where 
hydrographs tend to rise and fall sharply. 

6.4.1.1 Requirements for Natural Channels: Washes which traverse land designated 
for a proposed development may be left in their natural state provided that doing so 
would not be in conflict with an approved master drainage plan for the area-if one 
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exists--and provided :hat the development is adequately protected from tlooding and 
erosion. 

According to ARS 48-3609.A, during the course of the Master Planning process, the 
100-year runoff will be used to delineate a floodplain for major channels with 
discharges of more than 500 cfs and will be processed through the local 
jurisdictional agency, ADWR: and FEMA. 

, ,. .:," 

One method of developing in the vicinity of a natural wash is to keep all structures out 
of its 100-vear flood~lain. as well as its attendant erosion-hazardous areas. Another 
possible method of developing in the vicinity of natural washes is to utilize part of the 
floodplain for development. while leaving the channel in its natural stare. However. the - 
approach would involve demonstrating that: 1) the encroachment would not adversely 
affect adjacent properties; and 2) the development would be located outside of any 
erosion-hazard areas which border the natural wash. 

Encroachments into the floodplain of a natural water course are to be analyzed 1 according to FEMA requirements, 

The maximum rise in water surface shall not exceed those listed for the local regulating 
entity. As with all floodplain encroachments, the development must be adequately 
protected from flooding and erosion, and must not violate restrictions imposed by 
master drainage plans. 

At no time should an encroachment adversely affect the stability of a water course 
or adversely alter flooding conditions on adjacent properties. When encroachment 
is proposed within the floodplain of a major watercourse, the regulating entity may, 
at its discretion, request that a detailed study be performed to deternune if a 
reduction in overbank flood storage will significantly affect downstream flood 
peaks. 

6.4.1.2 Applicable Methodologies: 

iliormal Depth and Velocib: If the depth and direction of the flow in an open channel 
are nearly constant (i.e., steady, uniform flow conditions). the flow regime is said to be 
"normal," and the hydraulic characteristics of the channel can be evaluated by using the 
Manning's Equation (Equation 6.1). 

When delineating natural floodplains using the Manning's equation, it is important to 
ensure that the energy grade line (EGL), slopes continuously in the downhill direction. 
The energy grade line is defined as a line connecting points of known total head or total 
specific energy, E, as computed by Equation 6.5. 
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1i.i the cases xvvher,? the S~O;>E: of t h ~  .:l1:rgy grade line does nat nearly i:qr;al the channel 
b?,d slope, i i  is no1 reiiso~ahle lo use a uniform flow approach, and backwater 
c:iiculations iriust be niade. 

Gackwnter IJtvcc9Jure: The previolis sectic~n conrained a brief disctlssion on computing 
r~ornal depth. which assumes that changes in discharge, hcd slope, and cross-!iectional 
nrea and form, clccur relatively gradually, however, sudden changes will produce 

81: lurbulent ;.a~er@~,..iosses..~.which~~,are. .not accounted- for .i.n &he:.Manning's 
equztion. This mzy be parlicularly uue in cases of sudden contractions al?d expansions 
of the channel crl.)ss sectlon. 

In those instances where an upstrearn or downstream hydraulic cont1.01 exists: the 
Standard Step Method should be used for evaluating water surface profiles. The 
procedure for making Standard S!ep calculatioils is given in several easily obtainable 
Lextbooks or references. An examp!e form for the method is shown in Figure 6.15 (page 
6-67). The designer can perform the Standard Step calculations using readily available 
;%nd well-documented computer programs such as HEC-2 (USACE, 1990) or HEC-RAS 
[USACE, 1995a & b). These programs-.were developed by the U.S. Army Corps of 
Engineers and are distributed through several vendors. 

One advantage of the Standard Step Method is that if the computation is started at an 
:issumed elevation that ih incorrect for the given discharge: the resulting flow profile will 
become more nearly correct with each succeeding cross section evaluated within a reach. 
if no accurate elevation is known within or near the reach under consideration, zn 
arbitrary elevation may be assumed at a cross section far enough away from the 
"starting" cross section Lo correct for any initizl error. 

, ,, , 

The step computations should be carried upstream if the flow is subcritical. and 
downstream if the flow is supercritical. Otherwise, step computations carried in the 
wrong direction tend to make the results diverge from the correct flow profile. 

For natural streams flowing under supercritical conditions, critical depth should be used 
for determining the water surface profile. Velocities computed for the supercritical 
profile, howevcr, should be used to evaluate the scour potential. 

There are a large number of ;ipplications related to open channel flow in w h ~ c h  the 
shape, or class of flow profiles are important to the designer. Flgure 6.3 has been 
included as a reference to determine the type of flow profile that may exist in an 
artificial or natural channel. 

5.4.1.3 Floodplair~ Widths and  Depths in Channels with Composite Hydraulic 
Roughness: In the following sections, general analytical procedures are presented for 
evaluating floodplain hydraulics, with an emphasis on determining floodplain widths 
and flow depths in natural washes and constructed channels h;iving non-uniform or 
co~nposite hydraulic roughness. 
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Figure 6.3 
Classification of Flow Portion of Gradually Varied Flow 

(Chow, 1959) 
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i':i;n?posite Chunnels: The cros> SectLon of i; wiiercourse or a street right-of-way may 
be composed of several distinct subsections, with each subsection having different 
hydraulic characte.r~stics, such as hydraulic roughness and average tlow depth. For 
exitin?le, an alluvial channel may have a prinixy, sand-bed channel which is bounded 
<Hi both sides by densely-vegetated, overbank floodplail~s, or a flooded street section 
may be bounded on both sides by landscaued front yards having shallower flood depths 
,~1;1d slower flow velocities. 

.,. . -,..b:. cnmposik ,channelsdik;e:the~e; &e;discharge,is mmpute,d~~f~r.:ea&.sub-section >having 
distinct and different hydraulic characteristics, and the total computed discharge is set 
,:equal to the sum of the individual discharges. Similarly, the mean velocity for the entire 
flow cross section is assumed to be equal to the total discharge divided by the total water 
?*?a. Open-Cli.nn.nel Hydrarrlics (Chow, 1959): provides an example of con~puting flow 
in channels having composite roughness. 

.'a~tning's Roughness Coefficients: Manning's roughness coefficients (see Table 6.1 1, 
page 6-64), for use in water surface profile calculations, should be carefully estimated 
h;' experienced engineers. The estimates should include consideration that roughness 
111ay vary with flood stage,-depending on such factors as the width-depth ratio of the 
watercourse; presence of vegetation in the main channel and the overbank areas; the 
types of materials making up the channel bed; and the degree of meandering. Additional 
infoimalion concerning Manning's roughness coefficients can be found in Thomsen and 
Xjalmarson (:991), Davidian (1984), and Aldridge and Garret (1973). 

In the urban setting, it is not unusual for buildings and other structures to occupy a 
significant portion of any given hydraulic cross section. Under these circumstances, it 
is often difficult to estimate both the effective width of the cross-section and the 
Maiming's roughness coefficient for the overbalk areas. When faced with such a 
siluation, the engineer should eliminate the portion of the cross section occupied by the 
building. 

Where only an estimate of the computed water surface elevation is needed, a second 
option niay be selected: use the adjusted urban roughness coeffic~ent, nu, with the tolal 
cross-sectional area, (Hejl 1977). See Figure 6.4. 

where all coefficients are as defined in Section 6.1. 

6.4.1.4 Related Issues: 

.Maintenance: In many instances, specific maintenance access requirements are required 
by the local entity andlor the Flood Coiltrol District. In planning and designing open 
channels, !he designer should determine these requirements at the outset of the project. 
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Figure 6.4 

Diagram of Idealized Urban Floodplain 
(Hejl. 1977, Journal of Research, U.S. Geological Survey) 
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fJeveloprrzen: in Floodplains: Development in arcas outside of the floodway in 
clesignated floodplains is permissible as long as floodplain and zoning regulations are 
met. The advance planning of developme~lts that may be affected by the floodplain 
regulations requires a thorough understanding of floodplain regulations and drainage 
siandards and may also require an engineering background in open channel hydraulics, 
rivsr mechanics, and sediment transport. 

6.5 Channel Linings 

The type of channel lining which may be best suited for aparticular puspose will depend 
ilpon a variety of factors, including hydraulic conditions, economic factors, soil 
conditions, material availability, aesthetics, and compatibility with existing 
improvements at the site. The following lining types are acceptable within their range 
of applicability. 

6.5.1 Soil Cement 

Soil cement has been shown to be an effective and econom~cal method for slope 
plotection and channel lining in the Maricopa County area. 

6.5.1.1 Materials: A wide variety of soils c a ~  be used to make durable soil cement. For 
maximum economy and most efficient construction. it is recommended that: 

1. The soil contain no material retained on a 3-inch (75 mm) sieve; 

2. Between 40 percent and 80 percent pass the No. 4 (4.75 mm) sieve; and 

3. Between 2 percent and 10 percent paas the No. 200 (0.074 mm) sieve 

4. The Plasticity Index (PI) of the fincs should not excced 10. 

If the on-site material does not meet these guidelines, the addition of import material 
may be necessary. Standard laboratory tests are available to determine the required 
proportions of cement and moisture to produce durable soil cement. The design of most 
soil cement for water control projects is based on the cement content indicated by 
ASTM testing procedures and increased by a suitable factor to account for direct 
exposure, erosion or abrasion forces. 

The Portland cement should comply with one of the following specifications: ASTM 
Cl50, CSA A5, or AASHTO M85 for Portland cement of the type specified; or ASTM 
C595 or AASI-ITO M240 for Portland blast-furnace slag or Portland pozzolan cement, 
excluding slag cements Types S and SA. 

January 28,1996 6-31 



Drainage Design Manual for Maricopa County, Volume 11, Hydraulics 

It is important that testing to establish required cement content be done with the specific 
cement type, soil: and water that will be used in the project. 

Typically. soil cement linings are constructed by the central-plant method, where 
selected on-site soil materials, or soils borrowed from nearby areas, are mixed with 
Portland cement and water and transported to the site for placement and compaction. 

-;6.5.1.2 Design-@f~~S~il'~Cement-bi&ngs: .Fi'gure 6.5 shows a--composite.channel , . 

consisting of an earth bottom with soil cement stabilization along the banks. On side 
slopes, the soil cement is often constructed by placing and compacting the material in 
horizontal layers stair-stepped up the slope. The rounded step facing results from 
ordinary placement and compaction methods. Generally an 8 to 8.5 foot minimum 
working width is required for placement and compaction of the soil cement layers by 
standard highway construction equipment. Figure 6.6 shows the relationship between 
slope of facing, thickness of compacted horizontal layer, horizontal layer width and 
minimum facing thickness measured norn~al to slope. For a horizontal working width 
of 8 feet, a side slope of 3: 1 and 6-inch thick layers, the resulting minimum thickness 
of facing would~be about 2 feet, measured normal to the-slope. 

An important consideration in the design of the soil cement facing is to ensure that all 
extremities of the facing are tied into non-erodible sections or abutments. The upstream 
and downstream ends of the facing should terminate smoothly into the natural channel 
banks. A buried cutoff wall normal lo the slope or other measures may be necessary to 
prevent undermining of the soil cement facing by flood flows. 

To protect against undermining of the soil cement layer by lateral inflows, the top of the 
lining should be keyed into the ground, as shown in Figure 6.2. As with any impervious 
channel lining system, seepage and related uplift forces should be considered and. if 
required, appropriate counter-measures provided, such as weep holes or subdrains. 
Tributary storm drain pipelines can normally be accommodated by placing and 
compacting the soil cement by hand, using small power tools, or by using a lean mix 
concrete. For earthen channels with soil cement side slope protection, the lining should 
be designed to extend to the anticipated depth of total scour. 

6.5.2 Concrete Lined Channels 

Reinforced concrete and shotcretc are alternative lining materials for channels with 
limited right of way andor high velocity flow. The most common problems of concrete 
lined channels are due to bedding and liner failures. Typical failures are: 1) liner 
cracking due to settlement of the subgrade; 2) liner cracking due to the removal of bed 
and bank inaterial by seepage force; and 3) liner cracking and floating due lo hydrostatic 
back pressure from high groundwater. 
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6" - 9" L,~-:S, 

I TYPICAL 
CPANNEL 
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TOTAL SCOUR 
DEPTH 
(See Chapter 5 )  

Figure 6.5 
Soil Cement Placement Detail 

(Not to Scalz) 
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Figure 6.6 
Relationship of Slope, Facing Thickness, Layer Thickness, and 

Horizontal Layer Width for Soil Cement Lining 
(Portland Cement Association, 1987) 
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Figure 6.7 
Flap Valve Installation for a Channel Underdrain 

(Simons, Li and Associates, 1981) 
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Lack of maintenance can result in vegetation growth through the concrete lining and 
sediment deposition in the channel which will increase the flow resistance. This 
reduction in channel capacity can cause overflow at design discharges and, 
consequently, permit the erosion of overbank material and failure of concrete lining. 

6.5.2.1 Flow Regime Considerations: Concrete lined channels are usually designed for 
flow conditions where the Froude Number exceeds 1.13 and/or when velocities exceed 
five feet per second for earth lined channels. Froude Numbers for supercritical flow shall 

, , ,  , . ,, c ' betgpeater thand193.an&Iess9than2:@! u a ~ ~ ~ ~ l e - f ~ o w ~ ~ o n ~ ~ ~ O n ~ S S S O ~ C O M p & ~ n . ~ ~  

number falls between 0.86 and 1.13 and must be avoided. 

Supercritical flow in an open channel in an urbanized area creates ceitain hazards which 
the designer must take into consideration. From a practical standpoint it is generally 
unwise to have any curvature in a supercritical channel. Careful attention must be taken 
to prevent or control excessive oscillatory waves which may extend down the entire 
length of the channel from only minor obstructions upstream. Imperfections at joints 
may rapidly cause a deterioration of the joints, in which case a complete failure of the 
channel can readily occur. High velocity flow can enter cracks or joints and create uplift 
forces by the conversion. of velocity head to pressure. head-causing ,damage- to the 
channel lining. It is evident that when designing a lined channel with supercritical flow, 
the designer must use utmost care and consider all relevant factors. 

All concrete lined channels must have continuous reinforcement extending both 
longitudinally and laterally. For channels carrying supercritical flow, there shall be 
no reduction in cross sectional area at bridges or culverts, or any obstructions in the 
flow path. 

Bridges or other structures crossing the channel must be anchored satisfactorily to 
withstand the full dynamic load which might be imposed upon the structure in the event 
of major debris blockage. Tributary storm drain pipelines must not protrude into the 
channel flow area. 

6.5.2.2 Lining Criteria: Generally, if slopes steeper than 2: 1 are used: then safety and 
structural requirements become a primary concern. To determine the thickness of the 
lining refer to ADOT's Urban Highways Chalzne2 Lining Design Galideli~zes, February, 
1989. Desigil of the lining should include consideration of anticipated vehicular loading 
from maintenance equipment. Joints in the lining should be designed in accordance with 
standard structural analysis procedures with consideration of the size of the channel, 
thickness of the lining and anticipated construction techniques. The concrete lining must 
be keyed into the adjacent overbanks as shown on Figure 6.2: page 6-9. 

6.5.2.3 Roughness Coefficient: The roughness coefficient for a concrete lining can vary 
from 0.01 1 for a troweled finish to 0.020 for a very rough or unfinished surface. For 
shotcrete, roughness coefficients can vary from 0.016 to 0.025. The accumulation of 
sediment and debris must be taken into account when determining the roughness 
coefficient. 
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6.5.2.4 Bedding: Long-term stahiliiy of concrete lined channels depends in part on 
proper bedding. Undisturbed soils often are satisfactory for a foundation for lining 
without fuither rreatment. Expansive clays are usually an extreme hazard 10 concrete 
lining and should he avoided. A filter underneath the lining is recommended to protect 
fine material from creeping along the lining. A well-graded gravel filter should be 
placed over the channel bed prior to channel lining with concrete. 

.. 6.5.2.5bTransitions~-S~in~e~concrete4ined channeis*are.ofken used at ioca$ions 'where: --i, 

excessive seepage exists or smaller channel cross sections are required, transitions will 
he required both upstream and downstream of the concrete lined channel to ensure 
control of flood flows, prevent undermining of the lining and reduce turbulence. 
Transitions should be lined with concrete or riprap to reduce scour potential. 

Cutoff walls should he incorporated with trmsitions at both the upstream and 
downstream end of the concrete lined channel to reduce seepage forces and prevent 
lining failure due to scour, undermining, and piping. The depth of cutoff walls should 
extend below the expected scour depth. Determination of expected total scour depth 
requires specialized analyses that are beyond the scope of this manual: References are 
listed at the end of this chapter. 

6.5.2.6 Underdrainage: The probability of damaging ihe concrete lining due to 
hydrostatic back pressure and subgrade erosion can be greatly reduced by providing 
underdrains. There are two types of artificial drainage installations. One type consists 
of 4- or 6-inch diameter perforated pipelines placed in gravel-filled trenches along one 
or both toes of the inside slopes. These longitudinal drains are either connected to 
transverse cross drains which discharge the water below the channel or to pump pits, or 
extend through the lining and connect to outlet boxes on the floor of the channel. The 
outlet boxes are equipped with one-way flap valves which prevent backflow and relieve 
any external pressure that is greater than the water pressure on the upper surface of the 
channel bottom. The second type consists of a permeable gravel blanket of selected 
material or sand and gravel pockets, drained into the channzl at frequent intervals (10 
to 20 feet) by flap valves in the channel invert. Figure 6.7 shows a drawing of a flap 
valve for use without tile pipe and in a fine gravel and sand subgrade. Both the tile and 
pipe system and the unconnected flap valve type must be encased in a filter that will 
prevent piping of subgrade material into the pipe or through the valve. For detailed 
underdrains refer to Liningfor Irrigation Canals (USBR, undated). 

Where a lesser degree of seepage control is warranted, weep holes spaced at appropriate 
intervals may be used. When emhankment safety may be compromised or when ground 
levels may be raised by draining from the lined channel, weep holes may be equipped 
with flap valves or other measures that allow yeepage relief but prevent backflow or 
introduction of surface water behind the lining. 

6.5.2.7 Sholcrele: The shotcrete process has become an important and widely used 
technique. Shotcrete is mortar or concrete pneumatically projected at high velocities 
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onto a surface. In the past: the term 'gunite' was cornrnonly used to designate dry-mix 
mortar shotcrete. The term is currently outdated and 'shotcrete' has become the trade 
name for all pneumatically applied dry-mix or wet-mix concrete or mortar. 

ACI 506R (1985) discusses the properties, applications, materials, reinforcement, 
equipment, shotcrete crews, proportioning. hatching, placement, and quality control of 
the shotcrete process. 

.I. ..,&.:a liningi .:e,&tc$ete:.issam ,a~ceptable.~n;l&,hodd;d~f ,&pplyingconcrete..wi.th a 
general improvement in density, bonding, and decreased permeability. The same design - 
considerations discussed in Sections 6.5.2.1 to 6.5.2.6 apply in the design of shotcrete 
channels. 

6.5.3 Riprap Lined Channels 

Graded riprap can be an effective lining material if properly designed and constructed. 
The choice of riprap usually depends on the availability of graded rock with suitable 
material properties and at a cost that is competitive with alternative lining systems. 

Riprap design involves the evaluation of live performance areas. These areas include the 
evaluation of: 

riprap quality; 
riprap layer characteristics; 
hydraulic requirements; 

* site conditions; and 
* river conditions. 

In Arizona. site requirements and river conditions are important factors in the protcction 
of bridge structures and flood control channels. 

6.5.3.1 Riprap Quality: Riprap quality determination refers to the physical 
characteristics of the rock particles that rnake up the bank protection. Qualities 
determined to be most importmt include density, durability, and shape. Requirements 
for each of these properties are summarized in this section. 

Specific Gravily (Density): The design stone size for a channel depends on the particle 
weight, which is a function of the density or specific gravity of the rock material. A 
typical value of specific gravity in Maricopa County is 2.4. All stones composing the 
riprap should have a specific gravity equal to or exceeding 2.4, following the standard 
test ASTM C127. 

Durability: Durability addresses the in-place performance of the individual rock 
particles, and also the transportation of riprap to the construction site. In-place 
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deterioration ci';ock particles can occur dtie to cycles of freezing atld thawing, ilr can 
occur during transportation to the site. The rock particles must have sufficient strength 
to withstand sbiasive action without reducing the gradation below specified limits. 
Qualitatively, :I ::tone that is hard, dense, and ~.esistant to weathering and water action 
should be used. Rocks derived from igneous and metamorphic soi1ri:er pravide the l~lost 
durable riprap. 

Laboratory tests should be conducted to document the quality of the inck. Specified tests 
-that: should, be:.osa-J a@o. . ,de te&ne. .d~&i~i ty~ , i~~&~d~;  .,bhe dUTabiiity. index.,.eest and .. ... 

absorption test (see ASTM C117). Based on these tests, the durability absorption ratio 
(DAR) is computed as follows: 

Durability lrtdex LIAR = -- 
Percent Absorptiort + I 

The following specifications are used to accept or reject material: 

1. DAR greater than 23, material is accepted; 

2. DAR less than 10, material is rejected; 

3. DAR 10 through 23: 

a. Durability index 52 or greater, material is accepted; and: 

b. Durability index 51 or less, material is rejected. 

Shape: There are iwo basic shape criteria. First, the stones should be angular. Second, 
not more than 25 percent of the stones should have a length more than 2.5 times the 
breadth. The length is the longest axis through the stone, and the breadth is the shortest 
axis perpendicular to the length. Angularity is a qualitative parameter which is assessed 
by visual inspection. No standard tests are used to evaluate this specification. 

6.5.3.2 Riprap Layer Characteristics: The major characteristics of the riprap layer 
include: characteristic size; gradation: thickness; and filter-blanket requirements. 

Characteristic Size: The characteristic size in a riprap gradatio:~ is the d,,. This size 
represents the average diameter of a rock particle for which 50 percent of the gradation 
is finer, by weight. 

Gradation: To rorm an interlocked mass of stones, a range of stone sizes must be 
specified. The object is to obtain a dense, uniform mass of durable, angular stoncs with 
no apparent voids or pockets. The recommended maximun~ stone size is ? times :he d,, 
and the recommended minimum size is one-tbird of the d,,. 
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Table 6.4 
Riprap Gradation Limits 

(UsX)OT. FHWA. HEC-11) 

1.2 d l ,  to 1.4 d,, - 
1.0 d,, to 1.15 dj, 1.0 W,, to 1.5 W,, 50 

-- 

Stone Size Range Stone Weight Range 

I 0.4 dm to 0.b d,, / 0 . 1 W 5 , t o 0 . 2 W , , ~  I 15 1 

Percent of Gradation 

The gradation coefficient, G, should equal 1.5, 

I 

G = 0.5 (d,, Id,, + d,, Id,, j (6.14) 

Table 6.4 provides design gradations for riprap. As a practical matter, the designer 
should check with local q u a ~ ~ i e s  and suppliers regarding the classes and quality o i  riprap 
available near the site. 

Thickness: The riprap-layer thickness shall be the greater of 1.0 times the d,,, value, or 
1.5 times the d,, value. But the thickness need not exceed twice the d ,,, value. The 
thickness is measured perpendicular to the slope upon which the I i p ~ a p  is placed. 

Filter Blarzket Requiremerzt.: The purpose of granular filter blankets underlying riprap 
is two-fold. First, they protect the underlying soil from washing out; and, second, they 
provide a base on which the riprap will rest. The need for a filter blanket is a function 
of particle-size ratios between the riprap and the underlying soil which comprise the 
channel bank. The inequalities that must be satisfied are as follows: 
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in these relationslilps, 'filter" refers to the overlying material and "base" refers to the 
t!r~derlying material, The relationships must hold between the filter blanket and base 
rnaterial and between the riprap and filter blanket (USDOT, FHWA, HEC-15, 1988). 

?f the inequalities are sa~isfied by the riprap itself, then no filter blanket is required. If 
the difference between the base material and the riprap gradations are very large, then 
multiple filler layers may be necessary. To simplify the use of a gravel filter layer, Table 

. . ,a, ~6:5subIilres +recumended~standard gradati,ons. . ,, , 

The Type-I 3nd Type-I1 bedding specifications shown in Table 6.5 were developed 
using the criteria given in Equations 6.15a and 6.15b, considering that very fine grained, 
silty, non-cohesive soils can be protected with the same bedding gradation developed 
('or a rr~ean grain size of 0.045 mm. The Type-I bedding in Table 6.5 is designed to be 
the lower layer in a two-layer filter for protecting fine grained soils. When the channel 
is excavated in coarse sand and gravel ( i t . ,  50 percent or more by weight retained on 
the No. 40 sieve), only the Type-I1 filter is required. Otherwise, two bedding layers 
(Type-I topped by Type-11) are required. For the required bedding thickness, see Table 
6.6. 

Filter Fabric Requirements: The design criteria for filter fabric are a function of the 
permeability of the fabric and the effective opening size. The permeability of the fabric 
must exceed the permeability of the underlying soil, and the apparent opening size 
(AOS) must be small enough to retain the soil. 

'The criteria for apparent opening size are as follows: 

I .  For soil with less than 50 percent of the particles, by weight, passing a No. 200 
sieve, the AOS should he less than 0.6 mm (a No. 30 sieve). 

2. For soil wilh more than 50 percent of the particles, by weight. passing a No. 200 
sieve, the AOS should be less than 0.3 mm (a No. 50 sieve). 

Filter fahric is not a complete substitute for granular bedding. Filter fabric provides 
filtering action only perpendicular to the fabric and has only a single equivalent pore 
opening between the channel bed and the riprap. Filler fahric has a relatively smooth 
surface which provides less resistance to stone movement. Tcars in the fabric greatly 
reduce its effectiveness so that direct dumping of riprap on the filter fabric is not 
allowed and due care must be exercised during construction. The site conditions and 
specific application and installation procedures must be carefully considered in 
evaluating filter fabric as a replacement for granular bedding material. Filter fabric can 
provide an adequate bedding for channel linings along uniform mild sloping channels 
where leaching forces are primarily perpendicular to the fabric. 

Numerous failures have occurred because of the improper installation of filter fabric. 
Therefore, when using filter fahric it is critical that the manufacture's guidelines for 
installing it he followed. 
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Table 6.5 
Gradation for Gravel Bedding 

(S~mons,  LI and Assoc~ates, 1989) 

1 318 inch I 100 I . I 

1 1-112 inches 

314 inch 

1 #16 (1.18 mm) I 

Type I1 "' 
90 to 100 

Standard Sieve Size 

3 inches 

1 #I00 (0.15 mm) I 2 to 10 I . 1 

Type I "' 
. 

. 

(1) Percent passing by weight 

. 

20 to 90 

Table 6.6 
Thickness Requirements for Gravel Bedding 

Riprap 
Classification 

Minimum Bedding Thickness, inches 

Coarse Grain 
Native Soils 

Type 111 

Fine Grain Native Soils 

Type I Type I1 
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6.5.3.3 FIydraui~r Design X~quirernents: 

General: Channel linings i:oiistructed of placed, graded riprap or wile enclosed rock to 
control channel erosion have becn found to be cost effective wher:: channel reaches are 
relatively short (0.25 ~ r ~ i l e  or less) arid where a nearby soul-ce of quality rock is 
available. 

Situations where riprap or wire enclosed rock (gabion basket) linings may be 
Liippropriateare: . . .. . . , 

1. Major flows are Sound to produce channel velocities in excess of allowable 
non-eroding values; 

2. Channel side slopes a: 3: 1 for ripr2.p and 2: 1 [or enclosed rock linings; and 

3. Where rapid changes in channel geometry occur, such as chanuel bends and 
transitions. 

This section presents desizn requirenlenls for graded riprap, while Section 6.5.5 contains 
additional design considerations specifically related to wire enclosed rock. Both 
Sections are valid only for subcritical flow conditions where the Froude Number is 0.86 
or less 

Riprap Sizing: Several reference sources arc available for design procedures. Two 
recommended sources are: 

1. Design of Riprap Revetment (Federal Highway Administration, Hydraulic 
Engineering Circular No. 1 1, Publication No. FHWA-IP-89-0 16, March 1989) 

2 Hydraulic Design of Flood Control Channels (Corps of Engineers, EM-1 110-2- 
1601: 1991) 

The riprap sizing method presented here is from HEC-11, for a complete discussion on 
this method the designer is referred to the original source of this method. This method 
is based on tractive force (shear stress) theory but with velocity as its primary design 
parameter. This is a blend between the two approaches of permissible velocity and 
permissible tractive force. The hydraulic assunlptions are uniform, steady, subcritical 
flow. However, adjustments to the design equalion are provided for other regimes and 
conditions such as gradually varying flow and approaching rapidly varying flow. In this 
method, the riprap size is selected such that the flow induced tractive force does not 
exceed the critical shear stress of the riprap. The critical shear is based on Shield's 
relationship, a function of specific weight of water: specific weight of the riprap 
material, the median rock size (d,,), Shields parameter, and a factor that is a function of 
the hank angle and riprap's material angle of repose. The average shear stress or tractive 
force exerted by flowing water is the product of unit weight of water, energy grade line 
slope and hydraulic radius. These two equations are combined to develop the design 
tractive force relationship in terrns of a stability factor (SF). The stability factor is 
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defined as the ratio of the average tractive force excrtcd by the flow field and the riprap 
materials critical sheai stress, Theirfore if thc stability factor is greater than 1 .O, the 
critical shear stress is greater than the flow induced tractive stress and the riprap is 
considered stable. 

For the HEC-1 1 method the d,, (ft) is determined by: 

Where V, (ftis) is the average velocity in the main channel, Do,, (ft) is the average flow 
depth in the rnain channel, and K, is the bank anzle correciion factor. The bank angie 
correction factor is determined using equation 6.17. 

Where 0 is the bank angle with the horizontal, Q1 is the riprap material's angle of repose. 
The bank angle correction faclor can also be determined using Figure 6-9. The riprap 
material's angle of repose can be determined using Figure 6-6. 

Equations 6.16 is based on a rock riprap specific gravity of 2.65, and a stability factor 
of 1.2. Equations 6.18 and 6.19 present correction factors for other specific gravities 
and stability factors. 

Where S, is the specific gravity of the rock riprap 

Where SF  is the stability factor to be applied. Table 6.7 presents guidelines for the 
selection of an appropriate value for the stability factor. 

The correction factors computed using equations 6.17 and 6.18 are multiplied together 
to form a single correction factor C. This correction factor is then multiplied by the 
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"?:trap size con1pu:ecl irl:,~n equation 6.16 io arrive at a stable riplap size. 

Tile stability factor is used to reflect the uncertainity in the hydraulic conditions at a 
particri!ar site. Equa1.ion 6.1 6 is based on the assu~nption of uniform or gradually varying 
flow. Tn niany instances: this assumption is violated or other uncertainles come to hear. 
For cxani~ple, debris andlor icc impacts, or the cumulative effect of high shear stresses 
and forces from wind and/or boat generated waves. The stability factor is used to 
;,!crease the design rock size when these conditions nust  be considered. Table 6.7 

, . ., prrne~twg~9iddi.iles~Bforrrthe bseiection o$ an .appropriate value for the stability .factor. 

thichess of riprap linings shall be the greater of 1.0 limes d,, or  1.5 
times d,,. 

Table 6.7 
Stability Factors 

(USDOT, FHWA, HEC- I I ,  1989) 

Condition 
Stability Factor 

Range 

Gradually Varying Flow: Moderate bend curvature (30 > curve I 
radiuslchannel width > 10'); Impact from wave action and floaling 1.3 - 1.6 
debris is moderate 

Uniform Flow: Straight or mildly curving reach (curve radiuslchannel 
width > 30); Impact from wave aclion and floating debris is minimal; 
Little or no uncertainty in design parameters. 

1.0 - 1.2 
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Approachiirg rapidly varyingflow: Sharp bend curvature (10 >curve 
radiuslchannel width); Significant impact potential from floating debris 
andlor ice: Significant wind andlor boat generated waves (1-2 ft); High 
flow turbulence: Turbulently mixing flow at bridge abutments; 
Significant uncertainty in design parameters. 

1.6 - 2.0 
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Figure 6.8 
Angle of Repose of Riprap in Terms of Mean Size and Shape of Stone 

(USDOT, FHWA, HEC-1 I ,  1989) 

I 
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K ,  

Solution: 

K ,-0.73 

Figure 6.9 
Bank Angle Correction Factor, K, 

(USDOT, FHW:\, HEC-11. 1989) 
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6.5.4 Grouted Rock 

6.5.4.1 General: Grouted rock is a structural lining comprised of a blanket of rock that 
is interlocked and bound together by means of concrete grout injected into the void 
spaces to form a monolithic revetment. The grout must extend the full thickness of the 

Grouted rock provides a stable lining similar to concrete with the added advantage of 
a higher roughness factor due to the rock surfaces projecting above the grout layer. 
However, it is a rigid revetment that does not conform to changes in bank geometry due 
to settlement, and is susceptible to failure from undermining and the subsequent loss of 
the supporting bank material. 

6.5.4.2 Materials: 

Rock: Rock for grouting should conform to the property requirements described in 
Section 6.5.3.1. Graded riprap should not be used for grouting, as the smaller ruck in a 
graded mix occupies the void spaces to he filled with grout. Figure 6.10 illustrates the 
relationship between the design velocity and the required riprap blanket thickness for 
grouted rock designs. The median rock size should not exceed 0.67 times the blanket 
thickness and the largest rock used should not exceed the blanket thickness. A class of 
riprap from Table 6.5 may be specified, with the requirement that rock smaller than the 
d,, size be removed. Additional details on grouted rock may be found in Chapter 7. 

Grout: The grout mix should be specified to provide the strength and durability required 
to meet the specific application. The nlinimum 28-day compressive strength shall be 
2,000 psi and the slump shall be within a range of 4 to 7 inches. The stone aggregate 
should conform to the gradation requirements of Size Number 8 course aggregate (318 
inch to No. 8 j as specified in ASTM C-33. A maximum of 30 percent of the cementous 
material may he fly ash (ASTM C-6 18, Type C or Fj. Fiber reinforcement may be added 
to the grout to provide additional control of shrinkage and cracking. 

6.5.4.3. Design Considerations: Since grouted rock is a structural lining similar to 
reinforced concrete, it is subject to the same design considerations. Rock must he sized 
for the anticipated hydraulic design conditions. Foundation conditions must be evaluated 
and provisions made for underdrainage and seepage control. If only bank protection is 
to be provided, the grouted rock protection must extend below the channel invert to a 
depth below the estimated depth of total scour. Determination of estimated depth of total 
scour requires specialized analyses that are beyond the scope of this manual. References 
are listed at the end of this chapter. For more detailed analysis of grouted rock, refer to 
FHWA's HEC- 1 1. 
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V E L O C I T Y  I N  V I C I N I T Y  OF B A N K  
(ftlsec) 

Figure 6.10 
Required Blanket Thickness of Grouted Rock 

(USDOT, FHWA, HEC-11, 1989) 

6.5.5 .Wire Enclosed Rock (Gabion Baskets) 

6.5.5.1 General: Wire enclosed rock refers to rocks that are confined by a wire basket 
so that they act as a single unit. The wire mesh enclosed rock units are also known as 
gabion baskets or gabion mattxesses. One of the major advantages of wire enclosed rock 
is that it provides an alternative in situations where available rock sizes are too small for 
ordinary riprap. Another advantage is the versatility that results from the regular 
geometric shapes of wire enclosed rock. The rectangular blocks and mats can be 
fashioned into almost any shape that can be formed with concrete. The durability of wire 
enclosed rock is generally limited by the service life of the galvanized binding wire 
which. under normal conditions, is considered to be about 15 yews. Water carrying silt, 
sand or gravel can reduce the service liie of the wire. Also, water which rolls or 
otherwise moves cobbles and large stones breaks the wire with a h m m e r  and anvil 
action and considerably shortens the life of the wire. The wirc has been found to be 
susceptible to corrosion by various chemical agents and is particularly ~ffected bv high 
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sulfate soils. If corrosive agents are known to be in the water or soil, a plastic coated 
wire should be specified. 

Wire enclosed rock is not maintenance free and must be periodically inspected to 
determine whether the wire is sound. If breaks are found while they are still relatively 
small, they may be patched by weaving new strands of wire into the wire cage. Wire 
enclosed rock installations have been found to attract vandalism. Flat mattress surfaces 
seem to be particularly susceptible to having wires cut and stones removed. It is 

. . :, recornme~ded~~h~at,~w.here~possib10~:,m~aUress.:s~~Sa~e.~~~bc~b~~ied,~~.where~t11ey~~are less 
prone to vandalism. Wire enclosed rock installations should be inspected at least once 
a year under the best circumstances and may require inspection every three months in 
vandalism prone areas in conjunction with a regular maintenance program. Mattresses 
on sloping surfaces must be securely anchored to the surFace of the soil as discussed in 
Section 6.5.5.3. 

6.5.5.2 Materials: 

Rock and Wire Enclosrrre Requirements: Rock filler for the wire baskets should meet 
the rock property requirements for ordinary riprap. Rock sizes and basket characteristics 
should meet the manufacturer's specifications. 

Bedding Reqrrirements: Long term stability of riprap and gabion erosion protection is 
strongly influenced by proper bedding conditions. A large percentage of all riprap 
failures are directly attributable to bedding failures, which is particularly disturbing in 
light of the fact that over half of all riprap installations experience some degree of failure 
within 10 years of construction. Refer to Section 6.5.3.2 for gravel bedding or filter 
design. 

6.5.5.3 Design Considerations: The geometric properties of wire enclosed rock permit 
placement in areas where ordinary riprap is either difficult or impractical to place. 
Proper design and construction is important to successful operation and lifetime 
performance. 

Slope Mattress Lining: Figure 6.1 1 shows a typical configuration for a gabion slope 
mattress channel lining. Mattresses and flat gabions on channel side slopes need to be 
tied to the banks by 1-inch diameter steel pipes driven 4 feet into tight, solid soil (clay) 
and 6 feet into loose soil (sand). The pipes should be located at the inside corners of 
basket diaphragms along an upslope (highest) basket wall, so that the stakes are an 
integral part of the basket. The exact spacing of the stakes depends upon the 
configuration of the baskets, however the following is the suggested minimum spacing: 
stake every six feet along and down the slope, for 2: 1 slopes and every 9 feet along and 
down the slope for slopes flatter than 2: 1. Channel linings should be tied to the channel 
banks with gabion counterforts (thickened gabion sections that extend into the channel 
bank) at least every 12 feet. Counterforts should be keyed at least 12 inches into the 
existing banks with slope mattress linings to counteract longitudinal movement. 
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Figure 6.11 
Slope Mattress Lining 

(Wr~ght-McLaughl~n Eng~neers, 1969) 

6.5.6 Ira Protection 

6.5.6.1 General: Scour at a poorly designed toe of a channel bank is one of the major 
causes of failure of riprap or gabion protection measures. These failures result when the 
hundation of the bank protectic~n measure is undermined by scour at the toe resulting 
from local scour and/or general channel bed degradation. Proper design of protection 
from toe scour involves two parameters. First, an estimate must be made of the 
maximum scour expected to occur over the design life of the structure. Second, a means 
of protection must be provided for the maximum scour. The first parameter, scour depth 
estimation, requires specialized analysis techniques by a qualified engineer. References 
for scour and sediment transport analysis are included in Section 6.7. Means of 
providing protection for the maximum scour--once it has been determined-are 
presented in this section. 

6.5.6.2 Design Guidelines: The two methods of providing toe protection in alluvial 
channels are: 

1. To extend protection to the niaximum estimated depth of scour; and 

'7. To provide protection that ad-justs to the scour as it occurs 
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The fils1 nletl-lot1 is the preferred technique because the protection is initially placed to 
a known depth and the designer does not have to depend on uncertainties associated 
with the method that adjusts to the scour. The first me,thod requires extension of the 
bank protection into the excavated channel k d  and is primarily used for placement in 
ihe dry because of the expense and uncertainties of deep excavation that can frequently 
encounter groundwater. 

. ,The.,aain .:advantagexofs:the .semnd me1,hod is the climination.,of xedatively  deep 
excavation and related water control. The most frequently used material for providing 
ad.justable toe protection is riprap placed at the toe of the bank in a weighted riprap 
configuration. The riprap moves downslope, as scour occurs, to form a protective cover. 
Figure 6.12~1 shows the desirable configuration for a weighted riprap toe. Less 
frequently used materials are gabion mattresses (see Figure 6.12b). These mattresses are 
anchored to the bank protection and their riverward ends are allowed to lower as scour 
occurs. Studies by Linder (1976) and the U.S. Army Corps of Engineers (December, 
1981) on riprap toe protection arrived at the following conclusions: 

I .  Volun~e of rock in the weighted riprap toe is probably the most significant factor 
in determining the success of the weighted riprap toe. 

2 ,  l'oe shape has a definite influence on performance. Thin toes do not release rock 
fast enough. which results in poor slope coverage. Thick toes release rock at a 
greater rate than is needed. The thickness of the reconnnended toe ranges from 
two to three times the thickness of the riprap bank protection. The recommended 
toe shape is shown in Figure 6.12a. 

3.  Complex toe designs that are difiicult to construct are not necessary. 

4. Downslope rock movement occurred without significant movement in the 
downstream direction. 

5. Results from modeling and the subsequent prototypes show that the 
recommended weighted toe designs launch at a slope slightly steeper than 2: 1. 

6. Toe volume in the physical model was approximately equal to the volume 
needed to extend the bank protection to the maximum scour depth at a 2: 1 slope. 
Linder (1976) recommends a toe volume equal to 1.5 times the volume of 
extending the bank protection to the maximum scour depth. 

Weighted riprap toes have been used successfully for many years. However. success has 
not been universal. A common factor among the failures appears to be the presence of 
impinged flow on the bank. Thcrefore, the guidelines, herein, apply chiefly to flow 
conditions parallel to the bank. Where impinged flow is likely. then analyses must be 
made to determine an appropriate additional level of protection for such flow conditions. 
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Figure 6.12 
Toe Protection Channel Lining 
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6.5.7 Grass Lined Channels 

Appropriate grass cover for Maricopa County inc1ude.s: alfalfa for dry land and Ber-rnuda 
grass for irrigated applications. Estsblishiilent or temporary irrigation will be required 
in most situations (see Table 6.2). 

The designer should coordinate work with the appropriate jurisdictional agency to 
provide the most acceptable grass cover and i~rigation method. 

6.5.8 Other Forms of Channel Stabilization 

Other, less common forms of channel stabilization may also he acceptable. provided that 
it can be demonstrated tnat the particular stabilization method proposed is capable of 
withstanding the hydraulic conditions which can occur within the channel. 

6.6 Design Procedures 

This section provides the user of this manual with checklists (procedures) to be followed 
dur-ing design, and with examples of design colnputations that can be followed in order 
to clarify the procedures that are used. 

6.6.1 Artificial Channels 

Table 6.8 is the checklist to he employed in the design of artificial channels. Most 
applications in Maricopa County will be able to follow the Simplified Design Procedul-e. 
Should conditions fall outside of the Si~nplifird L)e.sign Procedure. the more rigorous 
procedure, as shown in the remaining steps, must he completed. In some instances, the 
conditions may be so complex that the design procedure for natural channels (see 
Section 6.6.2) will be required. Determination of water surface profiles is not always 
required; however, such a determination is necessiuy in all instances of spatially varied 
flow ( i t ,  side channel spillways) and where obstmctions cross the channel (i.e. culverts, 
bridges, grade control structures, etc. 

6.6.1.1 Conditions for Using the Simplified Design Procedure: The steps required for 
the Sintplified L>esign Procedl~re are marked with an asterisk in Table 6.8 and can be 
used to design open channels that service minor drains and for major drains that meet 
the following conditions: 

- Grade control established, and 

Design parameters within those listed in Table 6.3 
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Table 6.8 

-- Design Checklist for Artificial Channels 
Item Section Reference 

r-,;.-.--v - - -- 
a trnphfled Design Procedures 

/'.%II~II simplified pmcedures car1 be used 6.6.1.1 
i Wlxn niore thorough an:jl~sis is required 6.61- 

(XGta - 
Exisling structures 2.3 

.'' Existing channel char;stcristics 2.3, 6.3.1, 6.3.3.1 
* Existing.giade conrrol '2.3,6.3.1,6.3.3.3 
' Exisjlng flood performance characferisties 2.3 
" Scour observations 6.5.6 
*: Existing slream devek>pment 2.3 

Land use changes 2.3 
Flood history Drainaxe Dcsigtl M a n ~ a l ,  Vohimc I 

- KainfalVRunofl relationships Drainage Desien Manual; Volume I 
Possible Components and Strategies 
* Channels 6.3.2.6.5 

.A.lignri~cnt 6.3.3.3,6.3.3.4 
* Gr:$dc co1:troi stmcturcs 2.3, 6.3.3.3, Chapter 7 
Consideration for Right-of-way - 

Migradon 
Water level -- 2.3 

,.Econon~ic and Alternative Analysis 
* Designation of significantly diicerent concepts 

* Type of  lining 6.3 .2 .1;65 + 'Type of cross seclibn 6.3.2.1.6.3.3.3 
* Channel alignment 6.3.1, 6.3.33 

Location of grade control(s) 6.3.2.5. 6.3.2.4, 6.3.3.3 
a: Hydrologic and hydraulic 3elail 6.3.3.2. Drainage Design Manual, Volume I 
* Least total cxpccted cost e\:alnation Not in chapter 

I Extreme flood evaluation of components an3 
Not in chapter 

alternatives I 
Environmental considerations 2.3 
Docurnenlation and c~~mprchensirz evaluatior~ 2.3 

" Safety requirements 6.3.2.5, Chapter 5 
Hydraulic Analysis -- 
'"crer~nination of control 6.3.2.4, Chapler 7 

Tlcterrnination of type of flow profile 6.4.1 
* Norrnal deplh calculations 6.3.3.2 
* Warer surface profile calculations 6.4.1.2 
* Bridge hydraulics Chaptcr 5 
" Channel lining 6.5 

Supercritical channel hydraulics 6.3.3.3 
Soperelevation 6.3.3.3 

' Drop structure hydraulics 6.5 
Physical hydraulic models 6.4 

" Low ilov, channel 6.3.3.3 
Sediment Transport Analysis 

Rcquired u hen si~r!pliiicd design proccdurc 
cannot be used. refererice to natural channels Table 6.10, 7.1 . 

Additional Considerations - 
Permanent record 
Post construction data 

-- Normal inspection (reference) 
' ' Required for Sirnplified Design Procedure 

1 
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6.6.1.2 Conditions Beyond the Scope of the Simplified Design Procedure: When the 
conditions of the previous subsection cannot be met, it will be uecessaq to undertake a more 
cle.tailed analysis that includes all of the steps listed in Tables 6.8 and 6.9. Table 6.8 addresses 
ar~rriytic requirementr of natural channels and modifications that may be necessary to 
:i<.com~nodate crossings of'the waterways, such as bridges and culverts. 

6.6.1 Natural Channels 

i:)etailed analyses of natural channels and non-rigid artificial channels are beyond the scope 
of this manual; however, some understanding of the aspects of the analysis for non-rigid 
channels is necessary to proceed with the design of rigid channels and to provide initial 
a~~alyses during the master planning phases, especially tbr lands adjacent to natural channels. 
rI';ik>les 6.8 and 6.9 are included to provide prospective designers with a comprehensive list 
of  subjects that must be considered on adjacent developments and to plan effective 
countermeasures to potential adverse impacts. 

In addition to normal resources a designer may have for analyzing non-rigid channels, four 
specific resources that were used to develop Table 6.10 are listed at the bottom of that table. 
Examination of these documents reveals the potential complexity of analysis of natural 
channels in Maricopa County. Few naturally occurring channels will have sufficient grade 
controls to be in equilibrium over the expected range of flows. This condition can have 
ignificant impacts on the design of related structures, such as culverts, hydraulic drops, and 
bridges. In addition, the designer should be alert to practices that are common within 
channels: such as gravel mining, that can have significant impact on structures and on the 
overall stability of the channel. It is very common for natural channels to move laterally 
dliring larger storm events, and this potential condition can result in serious consequences 
lo adjacent land uses. 
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Table 4.9 
Design Checklist for Natural Channels 

Item Section R e f e r e n c e  I 
1 Initial Data I 

Existing structilres 
Channel characleristics 
Existing flood performance characteristics 

. .Exis,ting.gradecontrol 
Scour observations 
cxisting stream develop~ncnt 

- Dams, diversions 
- Flood control 
- mining 

Flood historv Ilra~nnze Design Manual. Volume I 
1-~,12ainfall/~u~ofrelationsl~ips 

- - 
Drainage Design Manual, Volume I -- 1 

/ Possible Components and Strategies I 
Channels 6.4.5.5 
Bridge components 6.4.1, 6.6.2 
River alignment control strategies, mitipation 6.4 
Alignment control structures Chapter 5 
Grade cuntrol structures Chapter 5 
Non-Structural measures (easement. acuuisitioni -- 

Economic and Alternative Analysis 

Designation of significantly different conccpts 6.4.5.5 
Hydrological & hydraulic detailing of alternatives 6.3.3.2, Ufninage Design Manual, Volume I 
Least total expect cost evaluation 
Extreme flood evaluation of component 
Environmental considerations 
Documentalion and comprehensive evaluation -- 

Hydraulic Analvsis 

Determination of ~.ontrol 
Determination of type of flow profile 
Normal depth calcularions 
Water surface profile calculalions 
Bridge hydraulics 
Send bed formation deterinination 
Sand bed rnughness 
Cobble, boulder. or riprap roughness determinations 
Vegetation or comhination lining roughness 
Dune and antidune hc i~h t  
Supercritical channel hydraulics 
Drop llydraulics 
Average charilcteristics 
Phvsical hvdraulic models 

Figure 6.3. 6.4.1 
6.3.3.2 
6.4.1.2 
Chapter 5 

Sediment Transport Analysis r - Table 6.10, Table 5.5 -- 
I Additional Considerations I 

Permanent record 
Post construction data 
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'Table 6.10 
Design Checklist for Sediment Transport Analysis 

Level I Sediment Transport Analysis - - 
Data Requirements 

Determination of Plan Form Characteristics 

Lane Relation and other Geomorphic Relationships - .  
Aeriai Photograph Interpretations 

Sed and Bank Material Analysis 

Land Use Changes 

Flood History 
RainfallIRunoff Relationships 

Level I1 Sediment Transport Analysis 

Data Requirement5 

Watershed Sediment Yield 

Detailed Bed and Bank Material Anaiyis 

Profile Analysis 

Incipient Motion Analysis 

Armorins Potential 

Sediment Transport Capacity 

Equilibrium Slope Analysis 

Sediment Continuily Analysis 

Quantification of Vertical and Hurirnntal C h a n ~ ~ e l  Response 

Bend Scour 

Low Flow Channel Incisement 

Gravel Mining Impacts 

Contraction Scour 

Local Abutment Scour 

Local Pier Scour 
Cumulative Channel Adjustment 

1 Level I11 Sediment Transport Analysis 1 
Data Inventory Modeling 

Watershed Sediment Modeling 

Instream M i n i n  Response 

Single Event Stream Bed Modeling 

Resources: 

1. Laursen and Duffy, 1980 

2. USDOT, FHWA, 1990 

3. Sabol, Nordin, and Richardson, 1990 

4. Simons, Li and Associates. 1985 
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Irilprove :3 srr?a!l eartn iiriefl chainel w ~ t h  incised !ow flow, bauk and edge erosion So = 
0.006 ft'fi, partia!ly vegetate3 sandy silt material to convey 100-year design flow, Q,, 
= 565 cfs. 

100 Year Water 
Surfoce -', F~lq t i nq  

,..- 

'~ I IS' --i 1 1  42' 
1 I 
! 1 

Require.lrents: 

L!'se available char:nei width of 50 feet, with approximately 3 feet of depth 

Pravide grass-lined main channel with concrete-lined low flow. 

- Use 4: 1 side slopes and provide minimum freeboard allowance 

A. Use Manning's Equation (Equation 6.1) to determine channel capacity. 

1. Find cross-sectional area of flow, [ Total area (A.,) = area of low flow channel 
(A,J + area of main channel (A,,) 1. 

A, = A,, + A,, 
= (1.5) (5) + 3 ( (18 + 42) / 2) 
= 7.5 + 90 

A, = 97.5 sf 
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2. Find wetted perime!er and incijcaie a 4" thickne~s for low flow wall. 

3. Find hydraulic radius 

4. Determine Manning's "n" from Table 6.1 1 

Find composite "n" value: 
Concrete lined low flow: n = 0.01.5 
Grays-lined main ch;innel: n = 0.025 

1.5 

rl = [E, (Pi11,i ,o,67 

P,. 
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S = 3.00'29 Wft 

Since a clla:lnei bottom sloj,c of O.Si"9 ft/ft is sufficient to convey t!le design 
flow of 565 cfs, !he srceptl existing .?,iof0.0C6 ftlft will convey the flow with 
a srn;i!!cr cross ssctional area. Equation 6.1 can be solved for A,R'.~ to 
c!cierminr :he actual cross section of flow: 

Ly trial and error, 

Y ,  = 2.45 ft, 
A,  = 7.5 + 2.65<(18 + 37.6)/21 = 75.6 sf. 

PT = 8.57 + ((18 - 5.67) + 2t2.45) (1' + 4')0.5) = 41.2 ft, and 
R = ;\,A', = 75.6141.2 = 1.83 ft. 

Flow dong the channe; at So = 0.006 ftlft has :.educed the waler depth by 6.55 
li. Note that the composite "n" value has not chmged with thc new values of P,,, 
P,:,, and P,. 

B. Check velocit!~ and Fioude Number 

i . Check velocity. 

6 !?is alic~ivc;hi(,ji~r Rermudcr grass litzed cili~nriels with 5rosinn reistant soil only. 
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2. Check tile Fxoude n~~ninzr .  

. ,. 

The zhannel is under near critical flow conditions and will not be stable at a 
bottom channel slope of 0.006 ftlft for the design flow. One solution is to 
provide grade control structures to maintain So = 0.0029 ft/ft, thereby having V 
= QA = 565197.5 = 5.8 fps and Fr = V I ( ~ D ) ' ~  = 5.81((32,2)(97..i/42))~.~ = 0.67, 
which is within the acceptzbie ra:lge of subcritical flow. See Chapter 7 for grade 
control structuies. 

3. Check channel transitions (see Chapter 7) 

C. Check freeboard requirement. 

Using the rsciscd slope of So = 0.1~029 ftlft, and velocity of V :: 5.8 fps. 

Use 1 ft  

Use grass lined channel with 4:l side slopes. 

Velocity = 5.8 fps; F, = 0.67, subcritical flow. See Table 6.2 for allowable grass and 
soil types. 

Channel slope = 0.0029 ftlft << 0.006 ftlft (existing) 

Provide grade control. 

Provlde 1 foot minimum freeboard allowance 

Check flow velocities and hydraulic properties for other flov,zs anticipated. 
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Table 6.11 
Manning's Roughness Coefficients "' 

/ Trowel finish / 0.01 1 1 0.013 1 0.0 15 

Channel Material 

Corrugated metal 

Concrete: C 
1 Float finish 

I Unfinished 

( Shotcrete, good section 1 0.016 0.019 1 0.023 

Roughness Coefficient (n) 

Minimum 

0.021 

Shotcrete, wavy section 

Constructed channels with earth or sand hottoill 

Normal 

0025 " 

Asphalt 12' 

Clean earth; straight 

Earth with grass and weeds 

Maximum 

0.030 

0.018 

Earth with trees and shrubs 

0.013 1 0.016 

Shotcrete 

0.022 

0.020 

Soil cement 

0.025 

Soil cement 

Concrete 

Riprap 

Natural channels with sand bottom and sides of: 

Trees and shruhs 

0.020 0.018 0.025 

Rock 

( Overhank floodplains: I I I 
Natural channel with rock bottom 

I Desert brush, normal density 1 0.040 0.060 0.080 

0.024 

I I I 
0.040 

(1) From: Sin~ons. Li and Associates, 1988. Adapted from Chow (1959) and Aldridge and Garret (1973). 

0.032 

Dense vegetation 

(2) Use rnaxilnun~ value when cars are present 

0.040 

0.060 
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Figure 6.13 
Curves for Determining the Normal Depth 

for Uniform Flow in Open Channels 
(Chow. 1959) 
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Figure 6.14 
Curves for Determining Critical Depth in Open Channels 

!Cliow. 1959) 
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45' for  channel E 
with S3 z 0 

Specific - Energy, f t  

Figure 6.16 
Specific Energy Curves 

(Chow, 1959) 
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'7.1 Definition of Symbols 

The following symbols are used in equations throughout Chapier 7: 

Angular variation of sidewall with respect to channel centerline 
Kinetic energy correction coefficient 
Standing wave front angle 
Density of water, 1.94 lbs s2/ft4 
Shear stress on the bed caused by the flow of water, psi 
Specific weight: ib/ft3 
Area (subscripts as shown in the Figures), ft2 
Bottom width, ft 
Trickle channel width, ft 
Basin depth below downstream channel, ft 
Drag force coefficient 
Coefficient of mean pressure fluctualiona from mean pressure levels in 
a hydraulic jump 
Coefficient of maximum pressure fluctuations from mean pressures level 
in a hydraulic jump 
Lane's Weighted-creep ratio 
Depth of basin tailwater = Y, + B, ft  

Grain diameter corresponding to 50% passing, by weight (or mass). ft, 
mm 
Depth of scour, ft 
Jet plurige height, ft 
Bedding layer thickness, ft 
Grout depth, ft  
Distance to the hydraulic jump, main chmnel, i't 
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- D,, - 
D " - - 

D, 
- - 

EGL, = 

EGL, = 

El, - - 

- El,, - 
- El, - 

F, - -- 

F, 
- - 

Fm .- - 

F, - - 

F, , .- - 

F, - - 

g 
- - 

h - - 

h, 
- - 

h, - - 
h" - - 

h" - - 
H - - 
Hb - - 

H,, 
.- - 

Hd 
- - 
- 

H*, - 
Hm - - 
H, - - 

Cistance to the hydraulic jump, trickle channel, ft 
Drop number 
Rock depth, ft 
Energy grade line ;dong the main portion of a drop 
Energy grade line along trickle channel through a drop 
Water surface elevation of criteria depth at the crest of o drop 
Elevation of crest of a drop at main channel invert drop 

;Elevation ai'crestof+a.drop a t  trickdechannel invert . . , . . .. . 

Force at bend, lb 
Impact force of flow jet, lb 
Momentum force, lb 
Froude number = v/(gy,)05 
Froude number upstream of the jump 
Specific force, ft2 
Acceleration due to gravity, 32.2 ftlscc2 
Height of the wingwalls above the main crest, ft 
Height of hydraulic jump, ft 
Head loss, ft 
Depth of scour, ft 
Velocity head, ft 
Head on the weir, ft 
Height of a baffle 
Height of seepage cutoff, ft 
Desired drop across structure, ft 
Differential head between analysis points, ft 
Total energy head at the crest of the main drop, ft 
Differential head, usually at a drop; the difference between the upstream 
water surface (normal depth) to the downstream tailwater, or the head 
difference between analysis points (e.g. to point of supercritical flow 
minimum depth), ft 
Total energy at the crest of the trickle channel, ft 
Head on structure for weighted-creep ratio, (headwater-tailwater): ft 
Approach length, ft 
Design basin length, main channel, ft 
Design basin length, trickle channel, ft 
The drop length, for vertical hard drop the distance from the crest wall 
to the point where the flow nappe contacts the basin floor, ft 
Nappe length, main channel, ft 
Nappe length, tricMe channel: ft 
Horizontal creep distance along contact surfaces less than 45 degrees, ft 
Length of the hydraulic jump (approximately 6 Y,), ft 
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Length of scour, ft 
Vertical creep djsrance along any colltact surfaces gj.eal;i 1t131i 45 
degrees, ft 
Mass rate of flow, ib s/ft = pQ 
Manning roughness coefficient 
For a vertical drop structure, the height of the weir crest ~tbcve rhe 
approach channel, ft 
..,Maximwm~~press~r.e~~~fl~uotuation..at a given, docation.within, w hyci.i.aulic 
jump, psi 
Discharge per unit width. cfs/ft 
Discharge per unit width of crest, cfslft 
Discharge per unit width of the main channel at drop, cfstfi 
Discharge per unit width of the trickle channel at drop. cfstft 
Maximum design discharge, cfs 
Channel centerline radius of curvature, ft 
Hydraulic radius, fl 
Bed or drop slope (S is also used), fWft 
Top width of flow in the channel, ft 
Tailwater depth, ft 
Critical velocity, fWs 
Velocity, ft/s 
Width, ft 
Width of scour, ft 
Depth of flow, ft 
Critical flow depth, ft 
Critical depth at a drop in the main channel, ft 
Critical depth at a drop in the trickle channel, ft 
Equivalent depth, ft 
Vertical fall at a drop, ft 
Hydraulic depth (area I top width), f t  
Normal depth, ft 
At a vertical drop, the pool depth under the nappe just below the crest, 
ft 
Initial (upstream) flow depth, ft 
The tailwater depth required to cause a jump to folm immediately 
downstream of the initial depth location for Y,, ft 
Sequent depth, main channel, ft 
Sequent depth, trickle channel, ft 
Effective fall height from the crest lo the basin floor, f t  
Brink depth, ft 
Pool depth under the nappe downstream of the crest, ft 
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- y,, - Actual tailwater depth present downstream of the drop, ft 
Z - - For a vertical drop structure, the difference in the bed elevations of the 

approach channel at the weir and the downstream channel at the end of 
thc structure, ft 

z - - Channel side slope horizontal distance per foot of drop, ft/ft 

z f - - Drop face slope, ft/ft 

7.2 Use of Structures in Drainage 

Hydraulic structures are used in storm drainage works to control water flow 
characteristics such as velocity, directioil and depth. Structures may also be used to 
control the elevation and slope of a channel bed, as well as the general configuration. 
stability and maintainability of the waterway. 

The use of hydraulic structures can increase the cost of drainage facilities. The use of 
hydraulic structures should be limited by careful and thorough hydraulic engineering 
practices to locations and functions justified by prudent planning and design. On the 
other hand, use of hydraulic structures can reduce initial and future maintenance costs 
by changing the characteristics of the flow to fit the project needs, and by reducing the 
size and cost of related facilities. 

Hydraulic structures include channel drop structures, low flow check structures, energy 
dissipators, bridges, transitions, chutes, bends and many other specific drainage works. 
Depending on the function to be served, the shape, size and other features of hydraulic 
structures can vary widely from project to project. Hydraulic design procedures 
(including model testing in some cases) that examine the structure and related drainage 
facilities are a key part of the final design for all structures. 

This chapter is oriented toward control structures for drainage channels, outlets for 
storm drains and culverts-in contrast to dams, spillways or specialized conveyance 
measures. 

7.2.1 Channel Drop Structures 

Drop structures are used to reduce the effective slope of a natural or artificial channel. 
Typically, a drop structure extends across the entire width of the channel and provides 
grade control for a full range of flows. 

Check structures are similar in concept, but their objective is to stabilize and control the 
channel bed or low flow zone. During a major flood, portions of the flow circumvent the 
structure. but erosion is maintained at an acceptable level. Overall stability is mantained 
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by control of the low flow area, vihich would otherwise degrade downward. A series of 
check structures can be an ~cono~mical interim grade control measure for natural 
channels in urbanizing areas or for artificial chani~els where funding is inadequate for 
construction of drop structures. 

7.2.2 Conduit Outlet Structures 

Energy-disiipatiun structures-are r~ete-ssary-at~hre.'om1ets~of.culverts urs tomdrains~to  
reduce flow velocity and to provide a transition whereby the concentrated, high velocity 
flow exiting the conduit is changed :o a wider, shallower and non-erosive fluw. Outlet 
structures may be preformed rock riprap stilling basins or reinforced concrete structures 
such as impact basins. 

7.2.3 Special Channel Structures 

Bridges, spur dikes, channel transitions, constrictions and bends, and structures for lined 
channels and for long conduits are examples of hydraulic structures used for special 

, , applications. 

7.2.3.1 Bridges and Related Structures: Bridges have the potential advantage of 
crossing a waterway without disturbing the flow. However, for overall economic and 
structural reasons, encroachments and piers in the waterway are a practical reality. A 
bridge structure can cause significant hydraulic effects, such as an increase in the water 
surface elevation, and channel scour. These conditions must be analyzed and measures 
must be designcd for mitigation of negative impacts. Spur dikes, levees, drop or check 
structures, and pier and abutment protection are types of structures designed to control 
hydraulic effects at bridge crossings. Refer to Chapter 5 for further discussion on 
bridges. 

7.2.3.2 Channel Transitions: Channel transitions are typically used to moderately vary 
the cross-sectional geometry to allow the watemay ro fit within a more confined right- 
of-way, or to purposely accelerate the flow to be carried by a special~zed high velocity 
conveyance structure. Constrictions are designed to restrlct and reduce the conveyance 
along a shofl reach. Examples are a bridge with roadway approach embankments that 
significantly encruach into a floodplain, or a structure designed to raise the upstream 
water surface to force spills into an off-channel storage facility. An expansion Ytructure 
is usually required at the downstream end of a constricted channel reach or structure to 
provide a safe, non-eroding tramition to the unconstricted channel. Potential conditions 
for creation of a hydraulic jump must be examined and provisions made for control of 
a jump and associated turbulent flow conditions. 

7.2.3.3 Structures for Lined Channels and Long Conduits: Acceleration chutes can 
be used to maximize the use of limited downstream right-of-way, and to reduce 
downstream channel and pipe costs. However, chutes should only be used where good 
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hydraulic and environmental design concepts permit the use oi'high velocity flow. In 
general, high velocity flow is not permitted in urban areas and applications in other areas 
will require careful scrutiny. Bends in lined channels and closed conduits require 
analysis to determine if supercritical flow occurs, or if special structural and other 
design considerations are needed. 

7.2.4 Factors of Safety 

Specific calculations to determine foundation stability and factors of safety against 
sliding, uplift, and overturning for a hydraulic structure are necessary in the design of 
safe structures. The factor of safety derived for a particular case depends, to a large 
degree, on the risk and consequence of failure. Therefore. the selected factor of safety 
must be appropriate for each structure being designed. 

The factors of safety for sliding, uplift, and overturning all may be different for a 
particular structure. A general range of 1.5 to 2.0 for these factors is recommended for 
many types of structures subjected to a variety of loading conditions (see: Preliminary 
Engirieeririg Manual, Civil Works Cori,stnrction [USACE, January 19481; Design 
Manual, Fo~rndations arid Earth Structlrres [US. Navy. May 19821: Design of Small 
Danrs [USBR, 19871; Design of Gravity Dams [USBR, 19761; and Dra,irzage of 
Roadside Charzrzels with Flexible Lirzings [USDOT: FHWA, March 19861. 

7.3 Channel Drop Structures 

7.3.1 General 

The term drop structure is broadly defined. Included are structures built to restore 
previously damaged channels, those constructed during new urban development to 
prevent accelerated erosion caused by increased runoff, and applications in which other 
specialized hydraulic conditions are created in the flow channel. 

The focus of this design guideline is on drop structures with design flows up to 10.000 
cfs. Flows less than 500 cfs are in the usual range for check structures. Check structures 
have additional considerations because major flooding goes around the structure 
abutments, typically in a much wider floodplain. 

7.3.1.1 Basic Components of a Drop Structure: Figure 7.1 shows a typical channel 
drop stlucture with its various components. Once a particular structure type 1s selected 
for design. analyses are conducted to determine the optimal sizing or extent of the 
various components. 
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Figure 7.1 
Typical Drop Structure Components 

(Adapted from M i L a u ~ h l i n  Water Engioeers, Lki. 1986) 
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7.3.1.2 Design Considerations: In addition to hydraulic performance (discussed in 
Section 7.3.23, a number of other considerations al'fect the selection of an appropriate 
drop structure for a particular application. 

Soil and Foundation Conditions: Geotechnical investigations should be completed to 
identify the characteristics of the on-site soils. Silty and sandy soils require detailed 
analyses for seepage control. Expansive soils require special design techniques to 
minimize differential movement. Structure design for foundation, walls and slabs must 

.: . . ,o~nsider.s~il;an&d-hydr.o~taticpress.wres,-.seep~ge~ and.p~tefiia13csu~. . , . :  . , . . ,  

Construction Contents: The selection of a drop and its foundation may also be 
tempered by construction difficulty. access, material availability, etc. Quality control 
through conscientious inspection is an important consideration. 

Maintenance Cori.cerns: Issues to be considered in the design include, ease of access 
to the crest and stilling basin areas, vandal resistance, eliminate trapped (ponded) water, 
sediment accumulation, and landscaped or grassed slopes that are easily maintained. 

Sociological Consideratiorzs: These include public acceptability issues such as safety 
(Section 7.6). visual appearance (Section 7.7), mosquito breeding in ponded water, etc. 

7.3.1.3 Drop Structure Types: Design guidance is presented in this section for the 
following drop structures: 

Baffle Chute Drops 
Vertical H ~ u d  Basin Drops 
Vertical Riprap Basin Drops 
Sloping Concrete Drops 
Low Flow Check Structures 

Figure 7.2 shows schematic profiles of each type 

Due to a high failure rate and excessive maintenance costs, drop structures having 
loose riprap on a sloping face are not permitted. 

All drop structures should be inspected on a regular basis during construction to assure 
their quality and integrity. In addition, drop structures must be monitored on a periodic 
basis after construction. 

Additional bank and bottom protection may be needed if secondary erosional tendencies 
are revealed. Thus, it is advisable to establish construction contracts and budgets with 
this in mind. Use of standardized design methods for the types of drops described herein 
can reduce the need for secondary design refineme~~ts. Section 7.3.3 presents 
considerations for the selection of the appropriate type of drop structure for particular 
application or site conditions. 
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1. BAFFLE CWJTE 2. VERTICAL HARD BASIN 

3. VERTICAL RIPRAP BASIN 4. SLOPING CONCRETE 

5. LOU FLlM CHECK S l R C l W E S  

Figure 7.2 
Drop Structure 'Types 

(McLaunhliin Water Er.g:n:crs, i t d .  1986) 
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7.3.2 Hydraulic Analysis Consideratiolls 

7.3.2.1 General Procedures: These design procedures are generalized. Use them to 
identify the most suitable approach, with the understanding that detailed analytical 
methods and design specifications may vary as a function of site conditions and 
hydraulic performance. A standard drop structure design approach would include at least 
the following steps: 

1. :. Define the,"<h&iinh. aesign.~x&sthafge :(-us~al,y 'rnO :year ).->&& .btjther. ..- 

discharges appropriate for analysis (selected discharge(~) expected to occur on 
a more frequent basis, which may behave differently at the drop). 

2. Select possible drop structure alternatives to be considered (Section 7.3.3) 

3. Determine the requircd Longitudinal channel slope and the total drop height 
required to produce the desired hydraulic conditions. 

4. Establish the channel hydraulic parameters, reviewing drop structure and 
channel combinations that may be most effective. 

5 Conduct hydraulic analyses for the structure. Where appropriate. apply separate 
hydraulic analyses to the main channel and the low flow zones of the drop to 
determine the extent of protection required, as well as the potential 
problems/solutions for each. (See Section 7.3.2.3 for discussion.) 

6. Perform soils and seepage analyses to obtain foundation and structural design 
information. Combine seepage and hydraulic analysis data to determine forces 
on the structure. Evaluate uplifting, overturning, and sliding. 

7. Evaluate alternative structures in terms of their estimated capital and 
maintenance costs, and identify comparable risks and problems for each 
alternative. Review alternatives with client and jurisdictional agency to select 
final plan. (This task is not specifically a part of the hydraulic analysis criteria, 
but is mentioned to illustrate other factors which are involved in the analysis of 
alternatives.) 

8. Use specific design criteria to determine the drop structure dimensions, material 
requirements and construction methods necessruy to complete the design ior  the 
selected structures. 

7.3.2.2 Crest and Upstream Hydraulics: Usually. the starting point of drop analysis 
and design is the designation of the crest section (or review of existing configuration) 
at the top of the drop. As flow passes through critical depth near the crest, upstream 
hydraulics are separated from downstream. The critical flow state must be calculated 
and compared with the downstreanl tailwater effect which may submerge the crest and 
effectively control the hydraulics at the crest. 

-- 
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i",iith control at ?he drop crest, upstream water .;i~rface profile compulations are used to 
esliniate the disrance that protection should be maintained upstream, that is, the distance 
LO where localized velocities are reduced to acceptable values. Backwater computations 
also yield the maximum upstream flow depth used to set wa;l ah~ltment and bank 
iieights. The water surface profile computations should include a transition!contraction 
head loss, which should typically range fro111 0.3 (modest transitions) to 0.5 (more 
abrupt transitions) times the change in velocity head. The reader should refer to standard 
hydraulic references for guidance (i.e.. Chow 1959). For a given discharge, there is a 

cresc.~base~width,~,upstream.~~.and~down8tream ,itow ~velocities~ ~ h e  
drop basin, and the location of the jump. These parameters must 

be selected for each specific application. 

Two basic configurations of crests are assumed. Baffle chutes, vertical hard basin and 
vertical riprap basin drops frequently have ve~tical or nearly vertical abu~ments with 
nearly rectangular cross sections. Sloping concrete drops generally have sloping 
al~utments, forming a trapezoidal crest cross section. All drop types would typically 
have a low flow channel which is extended through the drop crest section at the channel 
inve~t .  

Vertical or Near Vertical Abul~nents al Drop Crest: 'Figure 7.3 presents alternative drop 
cl.ests at a vertical drop structure. In general, the objectives of upstream hydrauiics and 
crest design arc: 

1. To maintain freeboard in the approach channel, 

2. To optim17e c r e s  and basin dimensions to achicve the most cosl-effective 
structure, and 

3. To prevent erosion in the transition zone, where flow accelerates approaching 
the crest. 

A crest expansion may be necessary to maintain adrquate freebo'xrd in the upstream 
channel and reduce drawdown velocities just upstream of the crest. A crest constriction 
may be appropriate for wide channels LO reduce the cost of  he crest wall. 

Sloping Abutments at Drop Crest: 'Figure 7.4 shows a. schematic layout for the drop 
crest and upstream channel at a sloping drop structure. The design objectives discussed 
previously also apply here. Constricting the trapezoidal crest serves to economize the 
structure while maintaining upstream freeboard. The seepage cutoff wall is typically 
placed at or near the upstream end of the transition zone and the zone protected with 
concrete or grouted rock. This arrangement also provides better seepage control, as 
discussed in Section 7.3.2.5. 

7.3.2.3 Water Surface Profile Analysis: Backwaicr computations ~l-iould be completed 
lor the channel reaches upstream and downstream of the proposed drop structure to 
establish approach flow conditions and tailwatcr conditions for the range of design 
flows. 
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LEGEND 
MOTES: Lhl- UPSlREAM TRANSITION LENGTH 
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I- / - - 

CHPINNEL CREST 

SECTION 8 SECTION A 

LAYOUT O F  DROPS WITH NEARLY RECTANGULAR 
CREST SECTION 

Figure 7.3 
Typical Vertical Drop Crest Cod~guration 

(McLaughlin Water Engin::rs, Ltd. 1986) 
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Figure 7.1 
Typical Sloping Drop Crest Configuration 

( M c L a u g l ~ l ~ n  W d e r  Eng~neen. Ltd 1986) 
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'I'lie next step is to deternline the location of the hydraulic jump so that the stilling basin 
can be sized to adequately contain the zone of turbulence. The determination of the 
hydraulic jump's location is usually accomplished through the comparison of the unit 
specific force for the supercritical inflow and the downstream subcritical flow. For 
vertical drop structures: this requires analysis of the tailwater elevation to determine if 
it is sufficient. to cause the jump to occur immediately, or if the jet will wash 
dcwnstream until the specific force is sufficiently reduced to allow the jump to occur. 

ping,drop ..structures, water.~surfaces. must .be ,detem&ned,..f~r ,the ,s,upercsritical , 

profiles down the face of the drop. The location of the hydraulic jump can be 
determined by using Equation 7.1 to compute the unit specific force F,, above and below 
the toe of the drop. The hydraulic jump, in either the trickle channel or the main drop, 
will begin to form where the unit specific force of the downstream tailwater is greater 
than the specific force of the supercritical flow below the drop. 

The depth y, for downs~ream specific force determination, is the tailwater surface 
elevation nllnus the ground elevation at the point of interest, which is typically the main 
basin elevation or the trickle channel invert (if the jump is to occur in the basin). The 
depth for the upslream specific force (supercritical flow) is the supercritical flow depth 
at the point in question. 

For jumps in vertical riprap basins, the user has to rely on the criteria derived from 
laboratory studies. The shaping or reshaping of riprap influences the jump stability and 
location. Nevertheless, the basic specific force equation provides some guidance. 

Ideally, for economic considerations. the jump should begin no further downstream than 
the drop toe. This is generally accomplished in the main drop zone by depressing the 
basin to a depth nearly as low as the downstream trickle channel elevation. 

Analysis should be conducted for a range of flows, since flow characteristics at the 
drop can vary with discharge. For example, the 10-year flow may cascade down the 
face of a sloping drop and form a jump downstream of the toe, whereas the 100-year 
flow may totally submerge the drop. 

Where a major channel incorporates a low flow channel, separate analyses should be 
completed for the low flow zone and the major channel overbank zone. This is because 
the deeper flow profile in the low flow channel zone has a higher energy grade line 
profile (Figure 7.5). Specific force analysis in this zone shows that the hydraulic jump 
will not occur in the same location as the rest of the flow over the drop, and in most 
cases the jump will occur further downstream. Separate analysis for this condition will 
assure that the stilling basin length is sufficient to contain the jump. 
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EGLm -.. ,.-- Energy G r i u r  Line 
\ , .2 -- - - - 

Wotar surface elevation at crest - 
determined as o function of mean Trickle Elev. 
section = Elev. Crrt 

HYi lRAl iLIC ANILYSIS 

SECTION AT CREST OF DROP 

EGL TFICKLE 
EGL MAIN DROP Profilas in the trlchle 

ond moin drop vary 

Jump in trickle does not h ~ v e  
lo be the Same 0 5  the motn 
part of the drop. 

. . . - 

Water lur faca slavotion a t  
crest assumed the same, 
out valoci t j  d i f ferent 

Trickle invert Profile f h r u  ma,?, 
HYDRAULIC ANALYSIS porflon o f  drop 

PROFILE FOR SLOPING DROP 

Figure 7.5 
Typical Section and Profile for Sloping Drop 

(McLaughl~n Water Engineers, Ltd 1986) 
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7.3.2.4 Hydraulic Jump: With the exception of !he baffle chute drop, all of the drop 
structures described herein use the formation of a hydraulic jump to dissipate energy. 
A discussion of this hydraulic phenonlenon is presented as follows. 

A hydraulic jump occurs when flow changes rapidly from low stage supercritical flow 
to high stage subcritical flow. Hydraulic jumps can occur: 1) when the slope of a 
channel abruptly changes from steep to mild; 2) at sudden expansions or contractions 
in the channel section; 3) at locations where a barrier, such as a culvert or bridge, occurs 

1. . , :.in:a ahanne1:ofistmp ,slope; 4) at~thedowns.tream-side~of~dipcr~s.~ings-or@ulverts;~and . , 

5) where a channel of steep slope discharges into other channels. 

Hydraulic jumps are useful in dissipating energy, and consequently they are often used 
at drainageway outlet structures and drop structures as an efficient way to minimize the 
erosive potential of floodwaters. However, because of the high turbulence associated 
with hydraulic jumps, they must be contained within a well-protected area. Complete 
computations must be made to determine the height. length and other characteristics of 
the jump (including consideration of a range of flows) in order to adequately size the 
containment area. 

The type of hydraulic jump that forn~s, and the amount of energy that it dissipates, is 
dependent upon the upstream Froude number (F,). The various types of hydraulic jumps 
that can occur are listed in Table 7.1. 

Jump Height: The depth of ilow immediately downstream of a hydraulic jump is 
refel~ed to as the sequent depth (Y?). The sequent depth in rectangular channels whose 
upstream Froude number is 2 1.7, can he computed by use of the following equation: 

The solution for sequent depth in trapezoidal channels can be obtained from a trial-and- 
error solution of Equation 7.3, which is derived from inomentun1 equations. It is also 
acceptable for design purposes to determine the sequent depth in trapezoidal channels 
from Equation 7.2. Equation 7.2 is much simpler to solve and produces only slightly 
greater values for sequent depth than does Equation 7.3. 
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Table 7.1 
Types of Hydraulic Jumps 

- - . .. . ---. r-- 
j Upstream Froude "Iulnber I Type of Jump 
I 
i 1 . 0 . r F 1  1.7 I l.!ndular Jump 1 0.5 1 
1 ? . 7 < F . i  L.5 I Weak Jump 1 5to 18 1 
I L- - 2.,5 < Fr <,*$:S . .i ~* ,. =~C3scilla1jn~,Jum~ ~ -1 . . ,1,8,to,M t , 1 
I 4.5 .: F, - 9.0 Steady Junlp - -- - - -- 44 to 70 

r 4.0 i F, Strong Jump 70 to 85 
L -- 

-, . Figures 7.0 and 7.8 provide graphs of hydraulic jurnps for a horizontal rectangular 
ct~zniie! and a ilorizontal trapezoidal channel, respectively. 

U~zdular Jump: :An undulai hydraulic jump is the type ofjumpwhich occurs where the 
upstream Froude number is between 1.0 and 1.7. 'This type of jump is characterized by 
a series of undular waves which form on the downstream side of the jump. Experiments 
have shown that the first wave of an undular jump is higher than the height given by 
Eqxation 7.3, Thrrcfore, the height of this wave should be determined as fo!lows: 

.I~mzp Length: The length of a hydraulic,/ump is defined as the distance from the front 
face of the jump to a point immediately dowmstream of the roller. Jump length can be 
determined from Figures 7.7 and 7.9. 

Surface Profile: The surface profile of a hydraulic jump may be needed lo design the 
extra bank protection, or training walls for containment of the jump. The surface profile 
can be determined from Figure 7.10. 

Jump Location: In most cases a hydraulic jump will occur at the location in a channel 
where the initial and sequent depths and initial Froude number satisfy Equation 7.3. This 
location can be found by performing direct-step calculations in either direction toward 
ihe suspected jump location until the terms of the eq~at ion are satisfied. Specific force 
analysis can then be used by employing Equation 7.1 to establish where a jump will 
occur. The hydraulic jump will begin to form where the unit specific force of the 
downstrealn tailwater is greater thaii the unit force of the s~lpcrcritical approach flow. 

Desigrz ClZart.. and Figures: Figures 7.6 to 7.10 arid table 7.2 have been included as 
additiorial aids 10 the user of this manual. 

-- - P 
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Figure 7.6 
Height of a Hydraulic Jump for a Horizontal Rectangular Channel 

(USDOT, FHWA, HEC-14, 1983) 
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Figure 7.7 
I,cngth of Hydraulic Jump for Rectangular Channels 

(USDOT, FfIWA, HEC-14, 19811 
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Figure 7.8 
Height of a Hydraulic Jump for a Horizontal Trapezoidal Channel 

(Using Hydraulic Depth) 
IUSDOT, FHWA, HEC-14, 1983) 
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Figure 7.9 
Length of a Hydraulic Jump for Non-Rectangular Channels 

IUSDOT. FHWA. HEC-14, 1983) 
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t Xi," 
3 ' -  

Figure 7.10 
Surface Profile of a Hydraulic Jump 

(USDOT, FHWA, HEC-14, 1983) 

- 
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'Table 7.2 
- ,. 
Ilaifornl f low in Circuhr Sections Flowing Partly Full 

(r:sr)o;. FIIV:A, HEC-14, 1983) 
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7.3.2.5 Seepage and Uplift Forces: The most common technique for seepage analysis 
is that proposed by E.W. Lane (1935), commonly referred to as "Lane's Weighted-Creep 
Method. The essential elements of this method are paraphrased as follows: 

1. The weighted-creep distance of a cross-section of a drop structure is the sum of 
the vertical creep distances (along contact surfaces steeper than 45 degrees), k., 

,' ~~~~pius~one-tl~ird. rsf the~ho~isontal~creep:distamc~s~(~al~ong contact ~udaces*less:than 
45 degrees), L,. 

2. The weighted-creep head ratio is defined as: 

3. Lane's recornmended weighted-creep ratios are given for various foundation 
materials in Table 7.3. 

4. Reverse filter drains, weep holes, and pipe drains are aids to provide security 
f'rcim seepage, and recommended safe weighted-creep head ratios may be 
reduced as much as 10 percent, if used. 

ti. Care must be exercised to insure that cutoff walls extend laterally into each bank 
so that flow will not outflank them. 

6. The upward pressure to be used in design may be estimated by assuming that the 
drop in pressure from headwater to tailwater along the contact line of the drop 
structure and cutoff wall is proportional to the. weighted-creep distance.. 

Seepage is controlled by increasing the seepage length such that C,  is lowered to a 
conservative value. Soils tests must be taken during design and confinned during 
construction. These tests are especially critical for reinforced concrete. structures. 

An example of this technique can be found in Design of Small Dams (USBR, 1987). An 
alternative approach is to use a flow net or computerized seepage analysis to estimate 
subsurface flows and uplift pressures under a structure. Seepage considerations should 
be included in the design of cutoff walls, wall footings, drains. filters, structural slabs. 
and grouted masses. 

Locating a seepage cutoff wall upstream of the crest of a drop structure and using 
horizontal impervious blankets can be effective. It is also very important to control 
lateral seepage around the structure. 
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'Table 7.3 
Lane's Weighted-Creep: Recommended Ratios 

I Material 1 Cw Ratio I 
I Ver? fine sand or illt I 8 5 I 
I F ~ n e  sand 1 7.0 I 

I Coarse sand I 5 .0 I 
I Fine gravel 1 4.0 I 
1 Medium gravel 1 3.5 1 
1 Coarse gravel including cobbles 1 3.0 1 
I Boulders with some cobbles and gravel I 2.5 1 
1 soft clay I 3.0 I 

7.3.3 DroD Selection 

Hard clay 

Very hard clay or hardpan 

There are four major considerations for the selection of the type of drop structure for a 
particular application: I) surface flow hydraulic performance; 2) foundation and seepage 
control; 3) economic considerations; and 4) construction considerations. Other factors 
which can affect selection are land uses: aesthetics, safety, maintenance, and anticipated 
downstream channel degradation. 

1.8 

1.6 

7.3.3.1 Surface Flow Hydraulic System: The primary consideration for the selection 
of a drou structure should be functional hvdraulic uerformance. The surface flow 
hydraulic system combines channel approach and crest hydraulics, sloping or vertical 
drop hydraulics and downstream tailwater conditions. Hydraulic analysis procedures are - .  . A 

presented in Section 7.3.2. Additional guidelines are also contained in Section 7.3.4. 

7.3.3.2 Foundation and Seepage Control Systems: Table 7.4 presents some typical 
foundation conditions and control systems typically used for various drop heights. Table 
7.4 is presented only as a guide. The hydraulic engineer must calculate hydraulic 
loadings which can occur for a vaiiety of conditions such as interim construction 
conditions, low flow, and flood flow. The soilslfoundation engineer couples this 
information with the on-site soils information. Both work with a structural engineer to 
establish final loading diagrams, and selection and sizing of structural components. This 
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Table 7.4 
General Seepage Cutoff Technique Suitability 

Sand and gravel with shallow depth ' CTc 

- 
bedrock - groundwater prevalent 

s*1: 

I Sand and gravel, no groundwater, or S I S 1 S S/SWR I 

CTcIST 
to bedrock - groundwater prevalent. 

S** 

Clay (and silt) - medium to hard 

ST 

water table normally below requirement 

(for variation caused by depth to 
bedrock, see i~ r s t  case) I CTc 1 CTc 1 CTc 

reduce length for d~ificull backfill conditions 

CTf/C/CTI only for local seepage zoncslsilts 

expensive - for spccilll problen~s 

S T  

CW 

S** 

S 1 SISwB 

SwB*" 

S Sand and Gravel, ereat deuths to 

CTfICTI 

CW 

CW 

S 

* (Consider Scour in sheet pile support) 
** (excavate onto bedrock and set into concrete) 

CW CW 

CTI 

CW 

Clay (and silt) - soft to medium with 
lenses of permeable material - 
groundwater present 

Clay (and silt) - soft to medium with 
lenses of permeable material-may be 
moist but not significant groundwater 
source 

Legend 
S Sheet pile 
SwB Sheet pile with bracing and extra measures 
CTc Cutoff Trench backfilled with concrete 
ST  Slurry Trcnch; similar to CTc; hut trench walls are supported with slurry and thcn later 

replaced with concrete or additives that effect cutoff 
CW Cutoff Wall; conventional wall, possibly with fooler, backfilled; note that the effective 

seepage length should generally be decreased because of backfill 
CTI Cutoff Trench with synthetic liner and fill 
CTf Cutoff Trench with clay fill 

S 

CTc 

S 

CTc 
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CTI 

S 

CTc 

CTF 

CW 

CTI 

S SISwB 

S 

CTc 

CTI 

CW 

I 
CTclST S T  

S 

CTcIS?' 

CTI 

CW 

SISwR 

S T  

CTI 

C W  



section presenu iniixrcation reievarlt to hydraulics, imt refer to geiikcbaical and 
structural books for related information. 

7.3.3.3 Economic Considerations: Evaluation of alteinative chop stxucture costs should 
include consideratioil of construclion costs and maintenance costs. Cunstruclion costs 
include site work specific 1.o t!le srructllre, secpage control, excavation, rcinforced 
concrete, ripr:~p, boulders, grout and backfill. Maintenance costs include rock 
replacement. debris removal: erosion repair, structural repairs, graffiti and silt removal. 

. - .A.s%.ai~dard ir.echod *ofccrsr~mmparison-is present-w~rth >ardysis .by&wh.ich estimated ., 

maintenance costs are converted to present worth amounts by applying an appropriate 
discount rate factor. The present worth maintenance cost is lhen added to the 
construction cost of each structure under consideration lor comparison. 

Other factors also affect the econonlics of alternative types of drop structures. 111 many 
cases, specific site requirements inay dictate the direction of drop struc:ure design. 
Ilepending on location; some construction materials, such as riprap or boulders, may not 
be readily availa.ble at reasonable cost. Analysis may include consideration of the cost 
of a single drop structure 3 feet high versus the cost of two structures, each 1.5 feet high. 

7.3.3.4 Construction Considerations: 'The selection of a drop and its foundation may 
also he tempered by construction difficulty, location! access, and material 
availabi!il)i/delivery. 'Table 7.5 lists construction considerations for key drop structure 
materials. Additional discussion of construction concerns is included with the design 
zuidelinzs for each drop type in thc following section. - 

7.3.4 Design Guidelines for Drop Structures 

7.3.4.1 Bame Chute Drops: The USBR has developed design standards for areinforced 
concrete chute with baffle blocks on the sloping face of the drop, which is commonly 
referred to as baffled apron or baffle chute drops. There are excellent references, 
Hydrarrlic Design. of Stilling Basins and Energy Dissiputors (Peterka, 1984), and Design 
of Small Canal Structures (IJSBR, 19741, that should be used for the design of these 
itructures. Anothcr reference is BajYled Apron. as Spillway Energy Dissipater (Rhone, 
1977), which evaluates higher design discharges, and entrance modifications to reduce 
the hackwater effect caused by the baffles. 

The optimal performance occurs for a unit flow (q) at thc chute widih of 35 to 60 cfslft. 
Model testing has evaluated discharges up to 300 cfslft, and !here have been structures 
built with up to 12.0 cfslft. The USBR states that the recolumended design flow of 60 
cfslft for bafflc chute drops has been exceeded at several locations without musing 
significant problems. 
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Table 7.5 
Construction Con~po~ients Concerns and Quality Control Measures of Drop Structures 

I 
1 Type 1 Quality Concerns 1 Quality Control Measures and Inspectioln 1 

Cn:1;rets 

i 

Reinforcin~ 
Sieel 

Riprap and 
Rock 

lmsrs and color add~ttves 

The tntjor cnncrrrl is strength and ahiliry m 
resist wealhe~ing Aggregate strength and 
durability are imponant. Special archirectuml 
vestments include exposed aggri.gala. form 

Usually no1 a prohlem unless the wrong grade 
of sled is hrou~ht  lo jnh, on site condi~ime xe 
conducive lo corrosion pruble!ns. Epoxy 
coilred rcinfcncen~enl cat, he specified for 
critical conditions. 

Prccollslrucrion items include review of shop drawings for 
r~mforl-ing steel, formwork patterns and aes, concrcre design n i x  
and related rrstr. color additives or coaungs and architectural 
trealmrnrs such a? fcrm liners, handrails ,and lenccs. 

Hardness is of concern because (he ro& is 
subject to rough haudliog and impact forces. 

Durabilit) cnncclns we Oxidation, weathering 
(freeze rhaw tests), and leaching or dissolving 
hy water. 

Praeruring, which leads lo odd 01. undas~nhle 
shapes. is lo be "voided. 

Seams or r,lhcr discontinuities cu lead m 
breakup or uodesir&le shapes and nalnage 
during handling. 

Geologic typc is impomnt: sedi>nen<:lry rncks 
are undesirable. Volemic lock often has low 
densily. 

Density of the rock reqttilsi specific gr;.avil) 
tests. 

.,. , . ,  , . . ,  
~ n y  mchiteicurhl test s;~mplrs should bc compleled and approved, 
along with all coatings, weather prorsctlon or other irenls which 
could affect appwance. 

Durin: cottstruction there ore numerous items which require 
checking, including: rebm placement, ionnwok,  tie plucanenl, 
weep holes a ~ d  dmins, fmm release roatings and forrn cleaning 
Ihclbrv concrca piacsmenr. form lemoval, cilncrrte placement and 
testin., weatiirr protection. sealants, rir hnlc trrerment, roaclete 
finish work, and earthwork, especially that related in seepage 
control. 

A signciicanr ??Toll is needed in lha m a  of rock quality control. 
Sul,mittals rhonld bc rcqnired h m  s~>ppUcri ro documenr qual iv.  
Rock should he doral,lr, sound, and fret ol seams or fractures. The 
spccific glavily should he s minimum of2.40. 

Spccifiwlions should include requircmsnts for orderly pmrcdulss 
and nppropllntc cqnipm~nl. both for rock and grout 1placern6nt. 
(jmdnfion, durability md specific gravity tcsls ol liprap at Ihr 
quariy are "ceded, and should only lhe wawed for small projecls 
where the quarry can demonstme rcci.nt tcsa Hindling that results 
in excessive brr:kage should lssull in clranpd melhods andlor 
rceraminvtion~ of rock quality. Subgradas chould be dewatcred %lid 
stabilized. F~ltclu wld bedding layers should be reviewed for 
competihility lo the onsire soil conditions. Rock handliug and 
placcmrnt is cntical. Riprap shonld be handled selectively so that 
the eladation is rceslahliehed thmunh anv  liven vcnical section. - - . -  
A J ~ S  where the thickness is comprised of all materials smdler than 
[tic d,,,, or where exclssive voids or radical surface variations occur 

Good plocemenr techniques should rcsulr in u riprnp layer with 
surface !nalciivls d,, size or greater, clnscly spaced with voids 
tl~oroughly ~.I,inkarl and loeked betweet) lager  lo&, top surfaces 
gncrally lpaallcl Lo the plane of the overall ~ipral! bank or surface. 
and no gren departures in surface elcvarion from rock to rock. 

Graded riprap should not be used for grouring, as the smallrrrock 
can prwent fill  penelranon of the grout to thc subgrade and can 
cause mcomplne filling of lhe voids. Large rock or houldcrs should 
be placed wirh a gradall or multi-pmng glnpplc device for ease of 
handling and to minimize dismrbance of the subgrade. A minimum 
dimension should br specified for thc rock ro aid field inspection. 
On slopes, upliill boulders should bc keyed in below the tops of 
downhill lwulders :or slability. A "stairstep" amngement where the 
top surface of the rock is flat and ho~izonral is preferable for hull 
aesthetic w ~ d  hydraulic reasons. 
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Table 7.5 !continued) 
s-.. . "--- - -  - -  
I Tjpt' 1 Quality Concerns 

--- 
Control Measures and Inspections 

c J -7 
i ' emol~un tc i l l  m d  type, aggregate kmd %mcr 
c;:nicm .UP :rnportmlt considcmlions ior 
stlellglh and durabtlily. Syrrll~etic fillas can he 
addcd to tllc concrete -ax, 10 providr 
addil;ownl c r~c l ,  control and .111rgbility. 

I1,e key lo iuccehi wtth pouling is to usc lurk th;~t is no sm;illcr in 

any d>nwnvna rhm thi ricsutd grout thiclncss (so rhar clai; can tiilly 
i~cccii:md 811 rhc voids), !n pump and placr thr litour usmg a Frout 
pumper uwth a noizle that cwl pcnclrale ici the robgradc. io vlhrvta 
csing 3 "pencil v,bratrrr" to assure complclc hlllng 01' the voids, to 
have good conrrol iiithe grout rntx !tm wet crcafm shridage s r z k s  

m d  ~~Bility~prohlemsonsl~lpe, rrrri dry 1r;rds to-poor pmetrrtion>. 
a d  in pl:lce the grout tn Iix desired thickness A mlniniurn $rout 
rluck~~css is needed to counrerucl ullliil forces. Howeve<, placing 
tiro much 1s un:ltlracrlve 2nd rcduccs ihc rouphllcss o i  the drop 
uhich is needed ro ptcvenr the ju!np ironr wz~shing downslremn. 
Ilurinp prouliug. it is irnl,ollant to prolccr the weep drail~s. Wilh 
care. one cao avoid pcltllig grout on !he top 01 tllc rock Any 
spillogc >hould Ihc uashcd off inimcdiarcly. A u o d  floar leaves a 
smoolh 8nl.h. ::nd the ' p n c i l  vihralor", wl>!ch I.  preicrrrd. will 
gmr td l s  iu~vc  ;L rilti~irlclo~y appearance with snme luueh-up. Full 
timc inspecunn is rquirrd during grouting, is pnod ic  insp~.cnon 
during tllu rock placement depending upou the performance of the 
contljlcror and the aesthetic appearance dewred. 

Shrfitliiiecorr:es in many ronfignrution,$ and, in 
pwticulu. joim details. Ir requires 
g l .  srructurd and hydraulic 
crpeniis.  ~5 wu:ll as pilc driving experiencs 
dmnp cnllclrucrio61. 

luapcclion is reqnired ro ensum 11111 pilillg ic driveu to tho design 
deprh. or keyed iulo hdilrock if rcquixd. Llndcrground ohstrt~ctions 
car) crcofe problems with driving. lfpili-g kcumes sepxiired ar thc 
jornl.: durtng inslallation, excessive subsurface tlow c;ul result 

I tncrq  muit he flcnlble imd strong ellough 10 

i~llow ndjustment to the xtuai subgr;ide. and lo 
.:llnw rock piilcemenr withour jignificanl 
damage to the liner rrlarerial. 

Suhgrdc niusl bc well prepared lo minilnia vaiiis and !,lping along 
the smooth suriaie of the liner. Cenificnrcs of con,ommwcc to the 
technical spccifir~rinns should be provided by the il>mufactunr. 
Liners should he spliced ouly when lnccersary ilod piaced in 
iccordancr. alrh mrnufaclurers inslrucliou~. 

Cumff Solis 

Cutoffs using 
Slur,? Trench r- 

Importunr considerarions ule: classification 
and homogcneily of clay soils, placement and 
compacltrm rcehniques. 

'The homogeneity and stability of rhc slnrry I- 
I 

curoff is critical. The consrrucrion techniqnes 
to achiovc a cutoff ro fhe dmired depth u d  
ividlh we ;aiso crillcd. 

I 

Thc suhgmde should lx inspected ao3 =loped lo .lchieve mrnpacrion 
of thc culuff roils and the adjacent suh~tade .  In order to use 11"s 
type of clnlp suucrur6, the suhgnde roil lurcds io be a clay (CL), IU 

the pmicular application. The roe drain ;sld other drains should be 
placed and prorectcd from conlaminatiun. ~ u t i c ~ ~ l a r l y  if grout or 
concrete is placed luler. 

cla.;~Rcd by a qualified soiis cnginccr. 

Pem~c.abil11y and gradation of media, rcvose Gr&lioll aonlyiis o r  in siN m a w d s  and pmposed filter msdiv are 
filler choracte~snca and eompatibilitv with in ndi ~vahle. Fabric malenalr should lx used .with caution :o iosurc 

Pr;rrticdly. cntaffs usinp slnny trench lechni~]uer ;ire more cxotic 
appliualions and require intensive geotechnlcd engillceling mld 
ento," rpccificatinns for individual applicauons. Mc~qnles  can 
il~\,olvc intensive sail tesunp, density testing of  slurry mixmlss. tesrs 
related to special chemieds and adrntxmres. and standard concrsre 
and gront resting methvds Rcsides inspeciiuns related to all of !he 
above, site envilonrnentd cor.auls nre reqnlrcd for slurry rnirlng 
mnd placemenr, a$ fur disposal of materrills displaced (luring rhe 
process. 

t~rchilecrnrzd 
and 
iandsciipe 
Items 
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The hydraulic concept involves flow repeatedly encountering obstructions (baffle piers) 
that are of a nominal height equivalent to critical depth. The excess energy through the 
drop is dissipated by the Inomenturn loss associated with the reorientation of flow. A 
minimum of four rows of baffle piers are recommended to achieve control of the flow 
and maximum dissipation of energy. Guidelines are given for sizing and spacing the 
blocks. Designing for proper approach velocities is critical to structure pei-formance. 
One advantage of the baffle chute drop is that it does not require tailwater control. 

. , ~ . .  , , . . - ,  

Typical design consists of upstream transition walls, a rectangular approach chute, a 
sloping apron of 2: I ,  or flatter, slope with multiple rows of baffle piers (see Figure 
7.11). The toe of the chute extends below grade and is backfilled with loose rock to 
prevent undermining the structure by eddy currents or minor degradation of the 
downstream channel. This rock will rearrange to establish a stable bed condition and 
produce additional stilling action. The structure is effective without tailwater; however, 
higher tailwater reduces scour at the toe. Grouted and concrete basins have also been 
used to prevent a standing pool from forming at the transitions to the downstream trickle 
and main channels. The structure also lends itself to a variety of soils and foundation 
conditions. 

There are fixed costs associated with the upstream wing walls, crest approach section, 
downstrearri transition walls and a minimum length of sloping apron (for four baffle 
rows). Consequently, the baffle chute becomes more economical with increasing drop 
height. 

This design is quite flexible in adaption, once the hydraulic principles are understood. 
For example, the design has been modified for low drops by locating two rows of baffles 
on the slope and two rows on a horizontal extension of the chute. Another approach has 
been to use a flatter chute slope than the usual 2 horizontal to I vertical. There are 
examples where sloping abutments have been used. Other examples include the use of 
sloping abutments at the crest and chute sides. These drops can be extended at a later 
date if downstream bed degradation occurs beyond that initially anticipated. 

The potential for debris flow must also be considered. Use caution when conditions 
include streams with heavy debris flow, because the baffles can become clogged 
between the interstices. resulting in overflow, low energy dissipation, a ~ d  direct 
impingement of the erosive stream jet on the downstream channel. 

The design performance has been documented for numerous baffled apron drops (USBR 
1974). The resulting design precautions generally relate to relatively minor problems, 
such as erosion protection in adjacent channels, spray above the chute walls, and debris 
problems. The basic design criteria and modification details are given in Figures 7.12 
and 7.13. Remaining structural design parameters must be determined for specific site 
conditions. The recommended design procedures are discussed on the following pages. 
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Figure 7.11 
Baffle Chute Drop 

tMcLaughlin Water Engineers, I.td., 1986) 
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General Hydraulic Design Procedure: 

1. Determine the maximum inflow rate and the design discharge pel unit width: 

. , 

The chute width, W, may depend on the upstream or downstream channel width, the 
upstream hydraulic control, economy: or local site topography. Generally, a unit 
discharge between 35 to 60 cfslft is most economical. 

2. An upstream channel transition section with vertical wing walls, constructed 45 
degrees to the flow direction. causes flow approaching the rectangular chute section 
to constrict. It is also feasible to use walls constructed at 90 degrees to the flow 
direction. In either configuration, it is important to analyze the approach hydraulics 
and water surface profile. Often, the effective flow width at the critical cross section 
is narrower than the width of the chute opening due to flow separation at the comers 
of the abutment. To compensate for flow separation, it is recommended that the 
actual width constructed be 1 foot wider than the design analysis width if the 
constricted crest width is less than 90 percent of the upstream channel flow width. 
In any case, the design should carefully consider the approach hydraulics and 
contraction/separation effects. Depth and approach velocities should be evaluated 
through the transition to determine freeboard, scour, and sedimentation zones. 

3. The entrance transition is followed by a rectangular flow alignment apron, typically 
5 feet in length. The upstream approach channel velocity, V,  should be as low as 
practical and less than critical velocity at the control section of the crest. Figure 
7. 12(h) gives the USBR recommended entrance (channel) velocity. In a typical 
grass-lined channel, the entrance transition to the rectangular chute section will 
produce the desired upstream channel velocity reduction. The elevated chute crest 
above the channel elevation, as shown in Figure 7. 12(a), should only be used when 
approach velocities cannot be controlled by the transition. Special measures to 
prevent aggradation upstream would be necessary with the raised crest 
configuration. 

Entrance Modification: 

1. The trickle flow (or low flow) channel should he maintained through the apron, 
approach, and crest sections. It may be routed between the first row of baffle piers. 
The trickle channel should start again at the basin rock zone which should bc 
slightly depressed and then graded up to transition to the downstream channel. 
Figure 7.13(c) illustrates one method of designing the low flow channel through the 
crest. 
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USBR ISOMETRIC 

(B) DESIGN CRITERIA 

Figure 7.12 
Bame Chute Design Criteria 

(Adapted from: Peterka 1984) 

-- -- 
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Figure 7.13 
Baffle Chute Crest Modifications and Forces 

(Adapted from: Pet.erka 1984) 
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2. The conventional design shown iri Figure 7.12(a) results in the iop elevation of the 
baffles being higher thai the crest, which causes a higher backwater surface effect 
upstream. Figure 7.12(b) may be used to estimate extent of the effect and to 
determine correcl.ive measures, such as increasing the upstream freeboard or 
widcning the chute. Note that haffles projecting above the crest will tend to produce 
upstream sediment aggsadation. Channel aggradation can be minimized by the low 
flow treatment suggested in the previous paragraph. 

othe~~n~eans.~~f~a1~1e~iilti~ng;~thesethpr1ob~1em~ isthe Fujimoloai~@mm;developed by; . . . . , , 

the USBR and illustrated in Figure 7.13(b). The upper rows of baffles are moved 
one row increment downstream. The important advantage of this entrance is that 
thcre is no backwater effect of the baffles. The serrated treatment of the modified 
crest begins disrupting the flow entering the chute without increasing the headwater. 
More importantly, this configuration provides a level crest control. The designer 
may either bring the invert of the upstream low flow channel into this crest 
elevation, widening the low flow channel as it approaches the crest, or the designer 
may have a lower trickle channel and bring it through the serrated crest similar to 
1, above. These treatments will have to be observed until more application 
experience shows what may work best. 

Structural Design Diinensions: 

1. Assume critical flow at the cresl and determine critical depth for both peak flow and 
for 2i3 of peak flow. For unit discharge exceeding 60 cfslft, Figure 7.12(b) may he 
extrapolated: 

2. The chute section (baffled apron) is concrete with baffles of height. H,, equal to 0.8 
times critical depth. Thechute face slope is 2: 1 for most cases, hut may be reduced 
for low drops or where a flatter-slope is desirable. For unit discharge applications 
grealer than 60 cfslft, the baffle height may be based on 213 of the peak flow; 
however, the chute side walls should be designed for peak flow (see number 4). 

Baffle pier widths and spaces should equal, preferably, about 1.5 H, but not less than 
H,. Other baffle block dimensions are not critical hydraulically. The spacing 
between the rows of baffle blocks should be H, times the slope. For example, a 2: 1 
slope makes the row spacing equal to 2Hb parallel to the chute floor. The baffle piers 
are usually constructed with the upstream face normal to the chute floor surface. 

3. Four rows of baffle piers are required to establish full control of the flow, although 
fewer rows have operated successfully. At least one row of baffles are buried in 
riprap where the chute extends below the downstream channel grade. Riprap 
protection continues from the chute outlet to a distance of approximately 4Hb, or as 
necessary to prevent eddy currents from undermining the walls. Additional rows of 
baffles may be buried below grade to allow for downstream channel degradation. 
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4. The baffie chute side wall height (measured normal to the floor slope) should be 2.4 
times the critical depth based on peak discharge (or 3H,). The wall height will 
contain the main !low and most of the splash. The design of the area behind the wall 
should consider that some splash may occur, but extensive protection measures are 
not required. 

5. Determine upstream transition and apron side wall height as required by backwater 
analysis. Lower basin wing walls are generally constructed normal to the chute side 

. :wz~tl~:at ;$he .akute-outlet:.to-pceve.nttteddp swnent .~~os i ,onac  .the drop ,,,@e: ,T,hese..., . , 

transition walls are of a height equal to the channel normal depth plus 1 foot, and 
length sufficient to inhibit eddy current erosion. 

6. All concrete walls and footer dimensions are determined by conventional structural 
methods. Cutoff walls and underdrain requirements are determined by seepage 
analysis (see Section 7.3.2.5). 

7.  The most troublesome aspect of the design is the determination of the hydraulic 
impact forces on the baffles to allow the structural engineer to size adequate 
reinforcing steel.:Figure 7.13(d) may- be used as a guideline. The structural engineer 
should apply a conservative safety factor, as this curve is based on relatively sparse 
information. 

Conslructioi~ Considerations: There are numerous steps necessary in the construction 
of a baffle chute, but they are usually easily controlled by a contractor. For quality 
control and inspection, there are consistent. measurable, and repeatable standards to 

apply. 

Potential areas of concern include foundation problcrns, riprap quality control and 
placement. and finish work with regard to architcctural and landscape treatments. 
Forinwork, form ties, and seal coatings can leave a poor appearance, if not handled 
properly. Poor concrete vibration can result in surface defects (honeycombing) or more 
serious conditions, such as exposed rebar. 

In summary, baffle chute drop structures are the most successful as far as hydraulic 
performance is concerned and are straight forward to construct. Steel, formwork, 
concrete placement and finish, and backfill require periodic inspection. 

7.3.4.2 Vertical Hard Basin Drops: The vertical hard basin is a generalized category 
which can include a wide variety of structure design modifications and adaptations. A 
variety of components can be used for both the hard basin and the wall, various 
contraction cffccts can be implemented to reduce approach velocities, and different 
trickle channel options can be selected. 
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Vertical Hard Basin Drop 
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The maximum vertical drop height from crest to basin for a vertical hard basin drop 
is limited to 3 feet for safety considerations. 

The hydraulic phenomenon provided, by this type of drop is a jet of water which 
overflows the crest wall into the basin helow. The jet hits the hard basin and is 
redirected horizontally. With sufficient tailwater, a hydraulic jump is initiated. 
Otherwise, the flow continues horizontally in a supercritical mode until the specific 
force :of ,the .tail,water is,,.rsufficient, to Jfaroe-,;thejump. Energy is.:disipated ,in the . . : 

turbulence through the hydraulic jump; therefore, the basin is sized to contain the 
supercritical flow and the erosive turbulent zone. 

Generally. a rough basin is advantageous since increased roughness will result in a 
shorter, more economical basin. Figure 7.14 shows a vertical drop with a grouted 
boulder basin (concrete may also be used), and illustrates several important design 
considerations. 

General Hydraulic Design Procedure: 

1. The design approach uses the unit discharge in the main channel and the trickle 
channel lo determine the separate water surface profiles and jump locations in these 
zones. The basin is sized to adequately contain the hydraulic jump and associated 
turbulent flows. 

2. The rock lined approach length ends abruptly at a structural retaining crestwall 
which has a nearly rectangular cross-section and trickle channel section. (Refer to 
Section 7.3.2.2.) 

3. Crest wall and footer dimensions are determined by conventional structural 
methods. Underdrain requirements are determined from seepage analysis. 

4. Open Channel Hydrarrlics (Chow, 1959); makes a brief presentation for the 
"Straight Drop Spillway." which applies here. Separate analysis would need to he 
undertaken for the trickle channel area and the main channel area as discussed in 
Section 7.3.2.3. In the following equations add the subscript t for the trickle channel 
area, and the subscript m for the main channel area. 

Refer to Figure 7.15 to identify the following parameters. L, is the design basin 
length which includes L, and the distance to the jump, D,. which is measured from 
the downstream end of L,. The jump length, L,, is approximated as six times the 
sequent depth, Y,. As a safety factor, to assure a sufficient length for L,, 0.6 L, is 
added in the design of L,, such that: 

L,, 2 Ld+D.+9.6Y2 .I (7.8) 
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Figure 7.15 
Vertical Drop Hydraulic System 

(IvlzLaoghlin Water Engineers. L d . ,  i986) 

When a iiydrnuiic jump occurs immediately where ths nappe hits the basin floor-, thc 
fo!lowil;g variables are defined: 

L,  / Y f  = 4.3~,0.27 i7.9a) 

where: 
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5. In the case where the tailwatei does not provide a depth equivalent to or greater than 
Y,, the jet will wash downstream as supercritical flow until its specific force is 
sufficiently reduced to allow the jump to occur. Determination of the distance to the 
hydraulic jump, D,, requires a separate water surface profile analysis for the main 
and low flow zones. Any change in tailwater affects the stability of t5e jump in both 
locations. 

Caution i s  :ad~.~ged.qe.gaId~ing~the;,higher,~~~~nit-n ,i.l~.~tlae~ i l o w , f l a w ; ~ ~ n e .  , .:. 
Large boulders and meanders in the rrickle. zone of the basin are shown to help 
dissipate the jet, and rock is extended downslream along the low flow channel. This 
results in three possible basin length design conditions: 

a. At the main channel zone: 

b. At the trickle zone, st-andiud design: 

L,, = L,, lD j ,  + 0.60(6Y2), (7.14) 

c .  When large boulders or baffles are used to confine the jump to the 
impingement area of the low flow zone, the low flow basin length may be 
reduced: 

L,, = L,, +0.60(6Y2),  (7.15) 

7. The basin floor elevation is depressed at depth B, variable with drop height and 
practical for trickle flow drainage. Note that the basin depth adds to the effective 
tailwater depth. The basin is constructed of concrete or grouted rock. Either material 
must be evaluated for the hydraulic forces and seepage uplift. 

8. There is a sill at the basin end to bring the invert elevation to that of the downstream 
channel and side. walls extending from the crestwall to the sill. The sill is important 
in causing rhe hydraulic jump to form in the basin. Buried riprap should be used 
downstream of the sill to minimize any local scour caused by the lifr. over the sill. 

9. Water surface profile analyses have proven thar base widths of the rectangular crest 
which are less than that of the channel will result in high unit discharges and 
velocities. thereby requiring unreasonable extensions of both the basin length and 
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upstl.ealn rock protection. Roughness in the basin area can reduce the basin length 
required to coiltain the hydraulic jump. This is the primary advantage of the use of 
grouted rock in ihe drop basin. 

C?tirtstructioion !3nsideratiorzs: Foundation and seepage concerns are very critical with 
i'c~ar11 to the vcrtical wall, as poor conlrol can result in sudden failure. The use of 
caissons or pile can mitigate this effect. Put in comparative terms with the baffle chute) 
secpage problems can result in displacemen~ of the vertical wall with no warning, where 

, , . ; h e : 4 b o ~ $ i k ~ ~ s t l u c ~ r e  of titebaftle-tcki~tee~I~~ay.evViiden~e ,Borne .movern~nt.or,or.u&ing~ ;but . . 

n.;t total failure, and thus allow time for repairs. 

The quality control concerns and measures for reinforced concrete are described under 
b2.fflc chutes. The foundation concerns for the wall are criticaL as described above. The 
subsoil condirinris for the basin are also important so that the basin concrete or grouted 
r1pra.p is stablc against uplift pressures. 

A grouted bouider stilling basin provides roughness, which is useful in shortening the 
basin length. As the name implies, the basin should be constructed of individual 
boulders placed on a prepared subgrade. Boulders shouldbe a minimum dimension that 
exceeds the grout layer thickness, so that the contractor and the inspector can see and 
have grout placed directly to the subgrade and completely filling the voids. Graded 
riprap should not be used for grouting, as the smaller rock prevents the voids from being 
complt-trly filled with grout. The result is a direct piping route for water beneath the 
grout, a:ld a structural slab with insufficient mass. The completed combination of 
boulder: and grout should have an overall weight sufficicnt to offset uplift forces. A 
~ninimum dimension of 18 inches is recommended for boulders, and 12 inches for the 
zrout layer. By maintaining the Einished surface of the grout below the top of the - 
boulder, both appearance and roughness characteristics are enhanced. Seepage relief for 
the basin slab should be provided. 

This type of structure has a moderate level of construction difficulty. The wall. once 
found~tion conditions are addressed: is conventional construction. It is very possible for 
the construction of the seepage control and earthwork to go awry and problems to go 
undetected until the time of failure. The flat concrete or grouted rock placement is easier 
for the contractor than graded rock placementlquality control, but again poor placement 
and undetected subsoil, bedding or rock problems can result in failure. Thus, it is easier 
than Inany other types to construct, but susceptible to some hidden risks and problems. 

7.3.4.3 Vertical Riprap Basin Drops: As shown in Figure 7.16, this structure is 
ebsentially a plunge pool drop that incorporates a reinforced concrete crest wall with a 
riprap lined dissipation pool below. A nearly rectangular crest section is recommended 
to reduce the w~dth of the plunge pool. 
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Maximum drop depth for a vertical riprap basin is limited to 3 feet due to safety 
considerations and the practicality of obtaining the larger riprap needed for higher 
drops. 

Submergence by high tailwater can limit the dissipation efficiency 

e~hydranlic.des~g~'wa~~~6eve1'0ped~t~~~gh~~rnode1~~testi~ng by Stt&thend Stranpin 1967 
(Scour in Stoiie Beds) and design procedures were further developed by Stevens in 1981 
(Hydraulic Desigii, Criteria for Riyrapped Cl~~rtes  and Vertical Drop Structures). 

In this structure, flow passing over the vertical crest wall plunges into a riprap basin 
area. Energy is dissipated by turbulence in the plunge pool. Loose riprap is placed in the 
basin according to the initial design specifications. The rock is successively re;u-ranged 
by inflows until a more stabilized basin plunge pool is formed. The depth of the scour 
hole, d,, and the nominal rock size are inversely related. 

Structural design for the vertical crest wall is complicated by the lack of downstream 
support, seepage, soil saturation and hydraulic loading on the upstream side. In sandy 
or erosive soils, it is common to use sheet pile for the crest wall construction, while 
caissons may be an acceptable foundation for certain other applications. A concrete 
retaining wall is frequently selected for ease of construction, seepage control and low 
maintenance. 

General Hydraulic Design Procedure: The hydraulic analysls of this type of drop is 
generally similar to that presented in Section 7.3.4.2 for crest hydraulics. The design of 
the flexible plunge pool basin is described below. 

The desired drop across the structure is the difference in the bed elevations of the 
approach channel at the weir and the downstream channel at the end of the structure. Let 
this difference be H,. It follows from Figure 7.16 that: 

The designer must find the combination of rock size and jet plunge height D that gives 
a depth of scour which balances Equation (7.16). The relation between rock size d,,, jet 
plunge height D, head on the weir, H, (H = 1 . 5 ~ ~ )  and depth of scour 4 is given in 
Figure 7.17. As these values will be different in the main drop and the trickle. the design 
d,, andlor d, wlll vary. 

To obtain an adequate cutoff, the depth of the vertical wall that forms the weir crest 
must extend below the bottom of the excavation for the riprap. Thus, it usually becomes 
uneconoinical to design a scour depth d,, any greater than 0.3D. To meet this limitation 
in the field it is necessary to: increase the rock s i ~ e  d,,; decrease the jet plunge height 
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Numbers on Curves are values of daD 

Figure 7.17 
Curves for Scour Depth at Vertical Drop 

(Stevens. 1981) 
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I) (by usxng more drops); decrease H (by using s wider suucture): or, to use another type 
of drop structure 

Tine side slopes in the basin niulst be riprapped also as there are strong back currents in 
t!ie basin. Grai~ular filter material is required under this riprap. The side slopes in the 
basin should be the same slope as for rhe dcwnstream channel. 

4,'onstructiort Considerations: Foundation and seepage concerns are critical with regard 
v,ertical viall:ai,n;jthis type >oL~d~np. laF1aey.arfi,.aJso.generdly more8critical:tba67,~with . , 

an equivalent vertical drop into a hard basin because the riprap basin may scour and 
reshape, leaving less supporting material on the downstream side. Thus, if seepage is 
worse than anticipated, backfill is poor, or if seepage control measures are not 
functioning, an immediate and severe structure stability problem can occur. The use of 
caissons or pi!e can mitigate this effect. Seepage problems can result in displacement 
of the vertical wall with no cracking as an advance warning. Seepage can also cause 
piping failure where the water will actually flow under the vertical wall. Problems can 
result from rock that does not meet specificaticns for durability, specific gravity or 
gradation. Quality control of rock installation can be difficult in regard to measuring 
performance and maintaining consistency. Undersized rock in the plunge pool basin can 
cause the basin to reshape differently than designed and result in stability problems for 
the wall, the basin, and the downstream channel. 

This type of structure has a moderate level of construction difficulty. The wall, once 
foundation conditions are addressed. is straight forward. It is very possible for the 
construction of the seepage control and earthwork to go awiy and for problems to go 
mdetected until the time of failure. The flat riprap placement is easier than sloping, but 
again poor placement and undetected subsoil, bedding. or rock problems can all 
contribute to failure. 

7.3.4.4 Sloping Concrete Drops: The hydraulic concept of these structures is to 
dissipate energy by formation of a conventional hydraulic jump, usually associated with 
a reverse current surface flow as the supercritical flow down the face converts to 
subcritical flow downstream. 

Numerous concepts have been investigated. Among them are the Saint Anthony Falls 
(SAF) Stilling Basin, and the USBR Basins I, 11,111. and IV (USDOT, FIIWA, HEC-I4_ 
1983; and Peterka 1984). These drops and associated basins are suited for different 
kinds of situations. 

The Saint Anthony Falls Stilling Basin and the USBR Basins (with the exception of 
Type I) all work at techniques to shorten the basin length. In the USBR Basin I, no 
special measures are provided. On the smooth concrete basin it can take considerable 
basin length to "burn off" enough energy to dissipate the supercritical flow of where a 
jump will begin, and then more length to allow for the turbulence of the jump. Basin I 
is relatively expensive because of its length. The other basins require a certain amount 
of tailwater, which requires depressing the basin, and the use of baffles or other shapes 
to allow shorter basins, related dissipation, and control of troublesome wave patterns. 
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Figure 7.18 illustrates the various types of stilling basins for use with sloping concrete 
drops. 

General Hydraulic Design Procedure: Design procedures for USBR Basins II, LU, and 
IV and the SAF Stilling Basin are presented in Hydraulic Design of Ener-gy Dissipufors 
for Culverts urzd Channels (USDOT. FHWA, HEC-14, 1983) and fiydr-aulic Design of 
~StilJing~Basi~zsawdfiwe~gy'Dissip(;~tor.~~~(.Peterka 198 

Analysis of channel approach and crest hydraulics generally follows the guidelines 
presented in Section 7.3.2. Once water surface profiles have been deteimined, including 
tailwater determination and supercritical water surfaces down the sloping face, seepage 
uplift forces must be evaluated. Net uplift forces vary as a function of location along the 
drop, cutoff measures, drain galleiy locations and water surface profiles through the 
basin. 

For a stable structure, net uplift force from seepage must be countered by net forces in 
the downward direction. For a smooth concrete chute, downward forces are the buoyant 
weight of the concrete structure and the weight of water (a function of the depth of 
flow). Significant pressure differentials can occur with a combination of high seepage 
forces and shallow supercritical flow. Seepage analyses should be conducted using 
Lane's weighted creep methodology (Section 7.3.2.9, and suitable countermeasures 
designed. Such measures include cutoff walls, weep drain galleries and concrete slab 
thickness design. A range of flood discharges should be evaluated, since differential 
pressure relationships can vary with flow depth and location of hydraulic jump. 

Construction Considerations: There may be applications where sloping concrete drops 
are advantageous. but generally other drops such as baffle chutes or vertical drops are 
more appropriate for a wider range of applications. The design guidance provided by the 
literature is clear and relatively easy to use, but the implementation is often difficult or 
impractical. This basically has to do with providing basin depth without creating a 
maintenance problem and less flexibility in adapting to varying bed conditions. 

The integrity of the cutoff is important as seepage and resultant uplift forces are key 
concerns. Uncontrolled underflow could easily lift a major concrete slab. 

The stilling basin should be designed to drain completely. to eliminate nuisances related 
to ponded water, such as mosquito breeding and sedimentldebris accumulation. 

Considerations relating to general concrete construction are the same as discussed 
previously for baffle chute drops. Public acceptability is likely to be low in urban areas. 
as the sloping concrete face is inviting for bicyclists, roller skaters, and skateboard 
enthusiasts. 
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NCTE: Provide 
open~ng(s) n end sill 
:o o l low rttliing bastn 
to droin cornp!etely. 

USBR TYPE m 

USBR TYPE III SAF STILLING BASIN 

Figure 7.18 
Stilling Basins for Sloping Concrete Drops 

(Adapted from: USDOT, E.?-IWA, HEC-14, 1981) 
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7.3.4.5 Other Types of Drop Structures: There are ndmerous other types of drop 
structures for specific applications in drainage design. The four types of structures 
presented above are appropriate for the majority of situations to be encountered in 
Maricopa County. Some possible variations or modifications are presented below along 
with a few specialized types. 

Slopirzg Drop Variations: The use of soil cement, roller compacted concrete, and 
grouted boulders are possible variations in sloping drop design. The primary concern 

4 t h  ,@oil ... cement ds':,i$s..ability .to resir;trthe :.hi,& ,abrasive action .:of turbulent. flow.. ..... 
associated with a drop structure. Adequate countermeasures would be required to 
demonstrate the suitability of soil cement prior to its approval for use on drop structures. 

Addition of roughness elements on the face of a sloping concrete drop can provide 
increased energy dissipation. "Stepped" concrete has been successfully applied at 
spillways and drop structures. Roller compacted concrete is a methodology that can 
achieve the stairstep geometry on the face of a sloping drop. Reinforced concrete steps 
can be constructed by standard construction methods on small structures. 

Construction of .a drop with grouted boulders is .another means of creating desirable 
roughness on the sloping face and in the stilling basin (see Figure 7.19). 

However, because the structure is comprised of a structural slab with two components 
(boulders and grout), great c a e  must be taken to design the structure to withstand uplift 
and to specify boulder and grout material to assure full quality control in the field. 
Seepage analysis is required to determine a compatible combination of cutoff depth, 
location of the toe drain andlor other drains, and the thickness of rock and grout. 
Problems with rock specific gravity, durability and hardness are of concern. Gradation 
problems are largely eliminated because the boulders are specified to meet minimum 
physical dimensions andlor weights, which is much easier to observe and enforce in the 
field than with graded riprap. 

The handling of the large boulders requires skilled work force and specialized 
equipment. Equipment similar to logging tongs, and specially modified buckets with 
hydraulically powered "thumbs" have been used in recent years and have greatly 
improved quality and placement rates. The careful placement of stacked boulders, so 
that the upstream rock is keyed in behind the downstream rock. and placed with a large 
flat surface horizontally, has been shown to be successful. 

The greatest danger lies with a "sugar coated" grout job, where the grout does not 
penetrate the voids between the rock and the subgrade, leaving a direct piping route for 
water under the grout. This can easily occur when attempting to grout graded riprap, 
thus the need to use individual boulders that are larger in diameter than the grout layer 
so that the contractor and the inspector can see and have grout placed directly to the 
subgrade. The best balance appears to be boulders 33 to 50 percent greater in size than 
the grout thickness, but of an overall weight sufficient to offset uplift. Also, when 
holding grout to this level, the appearance will be much better. 

7-48 January 28,1996 



Hydraulic Structures 

2" PVC a 4'  O.C. BOTH WKfS 
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C3VEREP W I T H  FILTER 
!L!CTESI,U 

I 

'\END OF 2" PVC i O  EXTEND 3" INTO 
NOTES:  GRAVEL GALLERY. SECURE STAINLESS 

~ i ~ ~ C ~ / 1 6 " 1 r n o r . )  UESH TO END O F  
PIPE.  

F I L L  A L L  VOIDS. 
5) CLEAN ALL GROUT FROM EXPOYDSURFACES. 
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A?''w'' (uidlhof qa l kw)  GRAVEL GALLERY l i es )  
S I r p a c > n g  batwean g o l l a i c r l  O.C. 

Figure 7.19 
Grouted Boulder Placement 

(McLaughlin Water Engineers. Ltd., 1986) 

The grout should have a minimum 4,000 psi compressive strength at 28 days: stone 
aggregate with a maximum dimension of one-half inch and a slump within a range of 
4 to 7 inches. The waterlcement ratio should not exceed 0.48. Addition of synthetic fiber 
reinforcement is also recommended to provide crack control, increased durability? and 
increased abrasion resistance. 

Other USBR Basins: Some other stilling basins developed by the USBR (Peterka 1984) 
have limited application. For example, Basin I is basically a horizontal concrete apron 
downstream of a sloping or vertical drop. This type of basin is applicable only to a 
concrete lined channel, and: as the USBR states, has wave problenls that are difficull to 
overcome. Maintenance of sufficient tailwater depth is important to cause a hydraulic 
jump within a practical zone close to the toe of the drop. Generally, other types of 
USBR basins are better alternatives to Rasin I. 
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Figure 7.20 
Box Inlet Drop Structure 

(.4dnpted from: FHWA, HEC-14, 1983) 
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USER Basiv '4 is a stilling basin with sioping agion, and provides dissipation as 
effective as ihat which occurs in the basin with a horizontal apron. Again, adequate 
railwater is a inust. This type of structure would have an application as a spillway into 
a pond with a permanent pool, so that ininimum tailwater is essentially guaranteed. 

Box Inlet Drop Structure: The box inlet drop structure may be described as a 
rectangular box open at the top and downstream end (Figure 7.20). Water is directed to 
the crest of the box inlet by earth dikes and headwalls. A flow enters over the upstream 

es,iand ,kavesthe~~struoture~thl-~wgh~~the~~~~pe~~~d~wnstx~ 
crest of the box inlet permits large flows to pass at relatively low heads. The width of 
ihe structure does not need to be greater than the downstream channel. It is applicable 
for drops from 2 feet to 12 feet. 

The outlet structure can be adjusted to fit a wide variety of field conditions. It is possible 
LO lengthen the straight section and covsr it to form a highway culvert. The sidewalls of 
the stilling bas111 section can be flared if desired, thus permitting use with narrow 
channels or wide floodplains. Flaring the sidewalls also makes it possible to adjust the 
outlet depth to match the natural channel. 

Design guidelines are presented in Hydraulic Design of Energy Dissipaters for Culvert 
and Cl~c~rzizels (USDOT, FHWA, HEC-14, 1983). 

7.3.4.6 Low Flow Check Structures: Low flow check structures and associated erosion 
control techniques can be effective in stabilizing natural channels and other unlined 
channels. With the advent of floodplain management and regulation, private developers 
are frecjuently directed to preserve the floodplain. Unfortunately, urbanization creates 
more frequent and sustained flows. The overall floodplain may remain relatively stable, 
but the low flow channel becomes more susceptible to erosion. 

Stream stabilization of base flow channels involves determination of the stable slope and 
configuration for a variety of frequent runoff rates, with particular emphasis on the 
dominant discharge (mean annual flood). Local soils. bed materials. and sediment 
gradation must be considered. 

Low flow check structures are designed to provide control points and establishtmaintain 
stable bed slopes within the base flow channel. Other options include low flow (trickle) 
channel lining, toe riprap. control sills across the floodplain, revetments, and groins. 

Check structures are frequently submerged during higher flood events. The application 
and sizing is complex because of the need to address a wide range of flows. Although 
the checks may stabilize the channel for low flows, they may be in jeopardy from mid- 
to high-range flows as water goes around the check abutments. Extensive care is needed 
with seepage cutoff and abutments that key far back into areas that are less likely to be 
damaged during high flows. Care should be taken to have a depressed stilling area to 
avoid a secondary drop at the end to the drop. In any case: ongoing maintenance of 
check structures will be likely and should be considered in the design so later repairs are 
practicable. 



Drainage Desigr~ Manual for Maricopa County, Volume 11: IIydraulics 

7.4 Conduit Outlet Structures 

Concrete energy dissipation or stilling basin structures are required to prevent scour 
scaused by highexitvelockietiesand flowLe~pansio.n~turbnlen~ee.at canduitautlets .... 

Outlet structures can provide a high degree of energy dissipatiou and are generally 
effective even with relatively low tailwater control. Rock protection at conduit outlets 
is appropriate wllere moderate outlet conditions exist; however, there are many 
situations wherc rock basins are impractical even at low to moderate flow conditions. 
Concrete outlet structures can be designed easily and are suitable for a wide variety of 
site conditions. In some cases, they are more economical than large rock basins, 
particularly wherc long term costs are considered. 

7.4.2 Riprap Protection at Conduit Outlets 

7.4.2.1 General Operating Characteristics: A stilling basin constructed of loose, 
graded riprap can be an effective and econon~ical energy dissipation measure for a 
conduit outlet. Hydraulic Design of E1zerg.y Dissipaters for Culverts and Channels 
(USDOT, FHWA, HEC-14, 1983), contains a design procedure for riprap energy 
dissipators based on studies conducted at Colorado State University and sponsored by 
the Wyoming Highway Department. The following conclusions were drawn from an 
analysis of the experimental data and observed operating characteristics. 

,) The depth (h,). length (LJ. and width (W,) of the scour hole were related to the 
characteristic size of riprap (d,,,). discharge (Q), brink depth (Y,), and tailwater 
depth (TW). 

The dimensions of a scour hole in a basin constructed with angular rock were 
approximately the same as those of a scour hole in a basin constructed of 
rounded material when rock size and other variables were similar. 

When the ratio of tailwater depth to brink depth (TWIY,) was less than 0.75 and 
the ratio of scour depth to size of riprap (hdd,,) was greater than 2.0, the scour 
hole functioned very efficiently as an energy &issipator. The concentrated flow 
at the culvert brink plunged into the hole, a jump formed against the downstream 
extremity of the scour hole, and flow was generally well dispersed as it left the 
basin. 

The mound of material which formed on the bed downstream of the scour hole 
contributed to the dissipation of energy and reduced the size of the scour hole; 
i.e., if the mound from a stable scoured basin was removed and the basin was 
again subjected to design flow, the scour hole enlarged somewhat. 
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For high tailwater basins (TWIY,> grealer than 0.75j the high velocity core of 
water emerging from the culvert retained ils jet-like character as it passed 
tl-~ough the basin, and diffused in a manner very similar to that of a concentrated 
jet diffusing in a large body of water. As a result, the scour hole was much 
shallower and generally longer. Consequently, riprap may be required for the 
channel downstream of the rock-lined basin. 

General details..of -the.basin,are.showm infigure 7.21, a n d f i e  prhcipal.,features are: 

The basin is preshaped and lined with riprap of median size d,, 

The surface of the riprapped floor of the energy dissipating pool is constructed 
at an elevation, h,. helow the culvert invert. Elevation hh is the approximate 
depth of scour that would occur in a thick pad of riprap of size d,, constructed 
at the outfall of the culvert if subjected to design discharge. The ratio of 14 to d,, 
of the material should be between 2 and 4. 

: The length of the energy dissipating pool, L,, is 10 h, or 3W, whichever is larper. 
The overall length of the basin, L,, is 15 h, or 4W, whichever is larger. 

7.4.2.2 General Hydraulic Design Procedure: 

1 .  Estimate the flow properties at the brink of the culvert. Establish the blink invert 
elevation such that TWIY, s 0.75 for design discharge. 

2. For subcritical flow conditions (culvert set on mild or horizontal slope), use 
Figure 7.22 or Figure 7.23 to obtain YdD, then obtain V, by dividing Q by the 
wetted area associated with Y,. D is the height of a box culvert. If the culvert is 
on a steep slope, V, will be the normal velocity obtained by using the Manning 
equation for appropriate slope, section, and discharge. 

3. From site inspection and from field experience in the area, determine whether 
or not channel protection is required at the culvert outlet. 

4. If the channel protection is required, compute the Froude number for brink 
conditions (yc = ( ~ 1 2 ) "  for non-rectangular culverts). Select %,/ye appropriate 
for locally available riprap [usually the most satisfactory results will be obtained 
if 0.25 < d,dy, < 0.45). Obtain hjy, from Figure 7.24, and check to see that 2 < 
h,/d,, < 4. Recycle computations if hid,,, falls out of this range. 

5. Size basin as shown in Figure 7.21 
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Figure 7.21 
Details of Riprapped Culvert Energy Basin 

IllSDOT, FHWA, HEC- 14, 1983) 
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Figure 7.22 
1)imensionless Rating Curves for the Outlets of Rectangular 

Culverts on Horizontal and Mild Slopes 
(Snnons, et al, 1970) 
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Figure 7.23 
Dimensionless Rating Curves for the Outlets of Circular Culverts 

on Horizontal and Mild Slopes 
(Simons, e l  31, 1970) 
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Figure 7.24 
Relative Depth of Scour Hole versus Froude Number at Brink of Culvert 

with Relative Size of Riprap as a Third Variable 
(USDOT, FHW.4, HEC-13. 1983) 
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6. Design procedures where allowable dissipator exit velocity is specified: 

Determine the average uorrnal flow depth in the natural channel for the 
design discharge. 

Extend the length of the energy basin (if necessary) so that the width of the 
energy basin (at Section A-A, Figure 7.21), times the average norrnal flow 
depthqinrhe natural channel'is -approximately .eqaal,to,Vhe design discharge : 

divided by the specified exit velocity. 

7. In the exit region of the basin, the walls and apron of the basin should be warped 
(or transitioned) so that the cross section of the basin at the exit conforms to the 
cross section of the natural channel. Abrupt transition of surfaces should be 
avoided to miniiluze separation zones and resultant eddies. 

Figure 7.25 
Distribution of Centerline Velocity for Flow from Submerged Outlets 

(To be used for predicting channel velocities downstream from culvert outlets where high tallwater prevails) 
(Simons, et al, 1970; and USDOT, FHWA, HEC-14, 1983) 
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8. if high tailwater js  a possibility and erosion protection is necessary for the 
downstream channi:l, the following design procedure is suggested: 

Design a conventional basin for low tailwater conditions in accordance with the 
instructions above. Estimate centerline velocity at a series of downstream cross 
sections using the information shown in Figure 7.25. Shape downstream channel 
and size riprap using guidelines presented in Chapter 6 and the stream velocities 
obtained ;above. 

. , , , 

Additional information regarding design of riprap basins for conduit outlets may be 
found in Hydraulic Design of E n e r e  Dissipaters for Cuh~erls and Channcls (USDOT: 
PHWA, HEC-14, 1983). 

7.4.3 Concrete Outlet Structures 

'This section provides hydraulic concepts and design criteria for an impact stilling basin 
and adaptation of a baffled apron to conduit outlets. Initial design selection should 
include at least the following aspects concerning conduit,outlet structures. 

I .  High energy dissipation efficiency is required - hydraul~c conditions exceed the 
limits for alternate designs (such as riprap outlet protection). 

2. Idow tailwater control is anticipated. For example. at outfalls to 
detentionhetention facilities that are empty or have low water levels 

3. Use of concrete is more econolllical due to structure size or local availability of 
materials. 

4. Site conditions direct the use of an outlet structure such as public use areas 
whcre plunge pools and standing water are unacceptable or locations with severe 
space limitations. 

7.4.3.1 Impact Stilling Basin: Design standards are based on the USBR Type VI Basin, 
commonly referred to as an impact dissipator or conduit outlet stilling basin. The Type 
VI Basin is a relatively small structure which produces highly efficient energy 
dissipation characteristics without  ailw water control. The original hydraulic design 
reference is Hydraulic Design qf Stilling Basins for Pipe or CIlanrlel Olrtlets (Peterka, 
1984). Additional structural details are provided in Design qf Small Canal Structures 
(USBR, 1974). 

The structurc is designed to operate continuously at the design flow rate. Maximum 
entrance conditions are up to 50 feet per second velocity and Froude number less than 
9.0. Conditions exceeding this criteria would be extremely rare in typical urban drainage 
applications. As a resuit, the use of this outlet basin is limited only by structural and 
economic considerations. 
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Energy dissipation is accomplished through momentum transfer as flow entering the 
basin impacts a large overhanging baffle. At high flow, fuither dissipation 1s produced 
as water builds up behind the baffle to form a highly turbulent backwater zone. Flow is 
then re-directed under the baffle to the open basin and out to the receiving channel. A 
sill at the basin end reduces exit velocitiec hy breaking up the flow across the basin floor 
and improves the stilling action at low to moderate flow rates. A notch is recommended 
in end sills to provide for low flow drainage. 

,, , . ,, 
..,, -,:The 1gene~a~ized~de~~g~..~~"figura$iioni.fFi~g~~'t~:~6) ..consi~~~..o~:.awQpen~II[l.~nCrete box 

attached directly to the conduit outlet. The side walls are high enough to contain most 
of the splashing during high 1-lows and slope down to form a transition to the receiving 
channel. The inlet pipe is vertically aligned with an overhanging L-shaped baffle such 
that the pipe invert is not lower than the bottom of the baffle. The end sill height is equal 
to the height under the baffle to produce tailwater in the basin. The alternate and 
transition (at 45 degrees) is recommended for grass lined channels to reduce the overall 
scour potential just downstream of the sill. 

The standard USBR design has been modified for urban applications to allow drainage 
of the basin bottom during dry periods. The impact basin can alsohe adaptedto multiple 
pipe installations. These modifications are discussed following the basic criteria. It 
should be noted that modifications to the design may affect the hydraulic performance 
of the structure. Model testing is advised for significant changes to the design. 

General Hydraulic Design Procedure for Sfilling Basins: 

1. Determine the design pipe flow rate Q and the effective flow area A at the outlet. 
For partial flow conditions, refer to the partial flow diagram in Section 7.3. 
Using the relationship Q = AV; detelmine the flow velocity V at the pipe outlet. 
Assume depth D = A'.' and compute the Froude number = v/(~D) ' .~.  

2. The entrance pipe should be turned horizontal at least one pipe diameter 
equivalent length upstream from the outlet. For pipe slopes greater than 15 
degrees, the horizontal length should be a minimum o i  two pipe diameters. 

3. Do not use this type of outlet energy dissipator when exit velocities exceed 50 
feet per second or Froude numbers exceed 9.0. These conditions would be 
extreme and must be considered as special cases. Performance is achieved with 
a tailwater depth equal to half full flow level in the pipe outlet. 

4. Determine. the basin width (W) by entering the appropriate Froude number and 
effective flow depth on Figure 7.27. The remaining dimensions are proportional 
to the basin width according to the legend in Figure 7.26. Note that the baffle 
thickness, t, is a suggested minimum. It is not a hydraulic parameter and is not 
a suhstitute for structural analysis. 

The basin width should not be increased since the basin is inherently 
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P L A N  

S E C T I O N  f3edding/ SECTION 

A L T E R N A T E  
n-  3w14 c =  w /2  END SILL AEiE 
L = 4 W / 3  d l  W/6 WING W A L L  

o = W / 2  e=  W / I Z  
b =  3W/8  t =  w/12 suggested minimum 

Riprap stone size diameter- W / 2 0  

NOTE: SEE Figure 7 . 2 7  for W 

Figure 7.26 
General Design of the IjSRR Type VI Impact Stilling Basin 

(Adapted from Pzterka 1984) 

-. -- 
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" w "  i s  t h e  inside w i d t h  o f  t h e  b o s i n .  
i ' ~ "  represents  t h e  depth  o f  f l o w  en te r ing  t h e  bosin and is t h e  

square  r o o t  o f  t h e  f l ow o r e 0  a t  the conduit outlet. 

" v "  is  t h e  ve loc i ty  o f  t h e  incoming f low. 
The t a i l w a t e r  depth  i s  uncon t ro l l ed .  

Figure 7.27 
Design Width of the USBR Type VI Basin 

(Adapted from: Peterka, 1984) 

7-62 January 28, 1996 



Wydrar~lic Structures 

ov:,rsizcd fcr l i ~ s  thac design fio\vs. Larger basins becoiili.. iess effectivs ;is the 
inflow csri pass under the baffle. 

5 Sirilcture wall thickness, steel reinforcement, and anchor walls (underneath the 
floor) should be designed using accepted structural engineering methods. 
Hydraulic forces on the overhanging baftle may be approximated by 
determination of the jet momentum force: 

5. Kiprap with a minimum D,, of 18 inches should be provided in the receiving 
channel from the end sill to a minimum distance equal to the basin width. The 
depth of rock should be equal to the sill height or at least 2.5 feet. Rock may be 
buried below finished grades and the area vegetated as desire,d to match the site. 

7. The alternate end sill and wingwall shown in Figure 7.26 is recommended for 
all grass lined channels to reduce the scour potential below the sill wall. 

Low Flow Modijicatio~is: The standard design will retain a standing pool of water in 
the basin bottom which is generally undesirable from a safety and m:iintenance 
standpoint. This situation should be alleviated where practical by matching the receiving 
challnel low flow depth to the basin depth, see Figure 7.28. 

.A low flow gap is extended through the basin end sill wall. The gap in the sill should 
be as narrow as possible to minimize effects on the sill hydraulics. This implies that a 
narrow and deeper (1.5 to 2-foot) low flow channel will work better than a wider gap 
section. The low flou~ u,idth should not exceed 60 percent of the pipe diameter to 
prevent the jet from short-circuiting through the cleanout notches. 

Low flow modifications have not been fully tested to date. Caution is advised Lo avoid 
cornpromising the over:ill hydraulic performance of the structure. Other ideas are 
possible including locating the low flow gap at one side (off center) to prevent a high 
velocity jet from flowing from the pipe straight down the low flow channel. 

The optimal configuratio~~ results in continuous drainage of the basln area and helps to 
reduce the amount of sediment entrapment. 

1. For large basins where the sill height is greater than 2.0 feet, the depth 
dimension: d; (in F i g ~ ~ r e  7.26) may be reduced to avoid a secondary drop from 
the sill to the main channel. The low flow invert thereby matches the floor invert 
at the basin end and the main channel elevation is equal to the sill. Dimension 
d should not be reduced by more than one-third and not less than 2 feet. This 
implies that a deeper low flow channel (1.5 to 2.0 feet) will be advantageous for 
these installations. 
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Modifications to Impact Stilling Basin 

(To Allow Basin Drainage for Urban Applications) 
(McLaughlin Wafer Engineers, Lid., 1986) 
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Note that dimension d is also reducrd ut  the minimum pipe invert height iind at 
the bottom! of the baffle wall. 

2. A sili secrion should be constructed dire~tly in front of the low flow notch to 
break up bottom flow velocities. The length of this sill section should overlap 
the width of the low flow by about i foot. The general layout lor the low flow 
modifications is shown in Figure 7.28. 

eltiple ~Cond~i~f~r taUat ions:  .Wbe,re more. that) one.conduir!of,:diffren sizes bas , ... : 

outlets in close proxin~ity, a con~posite structure can be co~lstructed to take advantage 
of common walls. This can be somewhat awkward since each basin "cell" must be 
designed as an individual basin with different dimensions. Where two conduits of the 
same size have close outlets, the structures may be combined into a single basin as 
shown in Figure 7.28. 

The total width of a combined dual inlet basin can be reduced to three-fourths of the 
total width for separate basins. For example, if the design width for each pipe is W, the 
combined basin width would be 1.5W. 

The effect of mixing and turbulence of the combined flows in the basin has not been 
model tested to dzte. It is suggested that no wall be constructed to separate flow behind 
111.- baffie, the~cb:~. allowing greater turbulence in the con~bined basin. 

Remaining structllre dimensions are based on the design width of a separate basin W. 
if the two pipes have different flows. the combined structure should be based on the 
higher Froude number fiows. 

'7.4.3.2 Bame Chute Energy Dissipator: The baffle chute developed by Peterka ( 1984) 
nas also been adapted to use at pipe outlets. This structure is particularly well suited to 
situations with very large conduit outfalls and at outfalls to channels in which some 
future degradation is anticipated. As meiltioned previously, the apron can be extended 
at a later time to account for channel subsidence. Generally, this Lype of structure is only 
cost effective if a grade drop is necessary below the outfall elevation and a hydraulic 
backwater can be tolerated in the culvert design. 

Figure 7.29 illustrates a general configuration for baffled outlet for a double box culvert 
outlet. In this case, an expansion zone occurs just upstream of the approach depression. 
The depression depth is designed as required to achieve the flow velocity at the chute 
entrance as described in Section 7.3.4.1. The remaining hydraulic design is the same as 
for a standard baffle chute. The same crest inodifications are applicable to allow 
drainage of the approach depression, to reduce the upstream backwater effects of the 
baffles, and to reduce the problems of debris accumulation at the upstream row of 
baffles. 

An effective inesns of controlling velocities within the culvert is the use of reinforced 
concrete pipe (RCP) velocity control rings. The culvert velocity reduction by internal 
energy dissipators (velocity control rings or roughness elements) force the hydraulic 
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Figure 7.29 
Baffle Chute at Conduit Outlet 

(Adapted from: Peterka, 19R4) 
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jump to cccur within (he culvert, tllus eiiniinating ciistl) outlet structures. The design 
procedures can be found in coi~.crele P i p  Tf~ujiirrzdbook (ACPA, 1988) and HEC-14 
(USDOT, FHWA, 1983:. 

7.5 Special Channel Structures 

7 . 1 .  Channel Transitions 

A flow transition is a change of :he ope13 cha;lnel flow cross section designed lo be 
accomplished ;I: a short distance with a minir~ium amouni of flow disturbance. Types 
of transitions u e  illustrated in Figure 7.30. Of these. the abrupt (headwall) and the 
straight line (wingwall) are the most common. 

Specially designed open channel flow transitions (contractions) are normally not , &  

~equired for highway culverts. A culvert is normally designed to operate with an 
upstream headwater pool which dissipates the channel approach velocity and, therefore. 
negates the need for an approach flow transition. The side and slope tapered inlets for 
culverts are also designed primarily as submerged transitions and a e  discussed in 
Chapter 5 .  

Special inlet transitions are useful when the conservation of flow energy is essential 
because of allowable headwater consideration such as an ii~igation structure in 
subcritical flow, or where it is desirable to maintain a small cross section with 
supercritical flow in a steep channel. 

Outlet transitions (expansions) must be considered in the design of all cvlverts, channel, 
protection, and energy dissipators. Design considerations for subcritical channel 
transitions are presented in Hydrrrulic Design of Erzerg?; Di.tsipators for Culvrrrs urzd 
Clzari,ri,els (USDOT, FHU'A, HEC-14, 1983) 

7.5.2 Supercritical Flow Structures 

7.5.2.1 Acceleration Chutes: Acceleration chutes. whether leading into box culverts, 
pipes, or high velocity open channels, are often used to reduce downstream cross 
sections, hence, reducing costs. Chute spillways may be used in connection with both 
off-stream and on-stream detention reservoirs for a control structure and/or a spillway. 

Acceleration chutes are potentially hazardous if inadequately planned and designed (see 
USBR 1974; Petcrka 1984; and SCS 1976). High velocity flow can wash out channels 
and structures downstrean~in short order, resulting in property damage and uncontrolled 
flow. 
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CYLINDRICAL QUADRANT -- -- STRAIGHT L INE 

WARPED -- ABRUPT 

WEDGE 

Figure 7.30 
Channel Transition Types 

(Adapred from: USDOT. FHWA, HEC-14. 1983) 
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"',- , c : -,~"-rr;lic-. . \., ,-*;'z5-i ..A,-i i;ri:,;iousiy addrcss acceieration chutes ili greater detail than can be 
& ,,.ussed <. p, i ~ i  ;his ii;ail;l~~I, Refer to thcsc publicatio~~s for a detailed analysis. 

2. Vertic:ij Crirve Section 
, L ,  , . .  , , .A - .. s. (..o;lcre!.e: Steeply Sloped Cnannei 

4. Outlct 

St:verd iiypes oTiniets can bi: incorporated depending on the physical conditions and the 
:ype of cor~tmi desired, partici~larly when using chute spillways for off-stream detention 
Ltcilities, 'The types ofi~liets to be colisidered are: 

Straight lnlei 

* Box Inlet 

Side-Channel Inlet 

* C:ulvelt Inlet 

* Drop lniet 

?iormally, the flow must remain at supercritical through the length of the chute and into 
the channel or conduit downstream. Care must be exercised in the design to insure 
against an unwanted hydraulic jump in the downstream channel or conduit. The analysis 
:nust include con~putation of the energy gradient through the chute and in the 
downstream channel or conduit. 

7.5.2.2 Bends: Structures are generally unnecessary in subcritical flow channels unless 
the bend is of small radius. Structures for supercritical flows are complex and require 
careful hydraulic design to control the flow. 

Bends are normally not used in supercritical flow channels because of the costs involved 
and the hazards introduced. It is possible to utilize banking. easement curves, and 
diagonal sills (Knapp, 1951). Sometimes outside bank rollover structures might even be 
considered. All of these. however: are generally out of place in urban drainage works. 
Additional design guidelines for open channel bends may be found in Hydraulic Design 
9fFlood Corztrol C%a~znels (USACE, 1991). 

When a bend is necessary. and it is not practical to first take the flow into subcritical 
flow, the designer will generally conclude that the channel should be placed in the 
closed condult for the entire reach of the bend. and downstream far enough to elinunate 
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the main oscillations. A model iest is usually required on such slructures. Furthermore. 
the forces exerted on the structure are large and must be analyzed. 

The forces involved with hy~iraulic structures are iarge, and their analyses are often 
coinplex. The forces created can cause substantial damage if provisions are not made for 
their control. In bends, forces are usually larger than what is intuitively assumed. The 
momentun1 equation permits soiution for the force acting upon the flow boundary at a 
bend. 

~ ~ . .  . , . , . ,  , . ~, 

F ,  = MAV (7.18) 

where Av represents the change in direction andor magilitude of the velocity through 
the section bend. 

The force due to pressure on the bend should also be calculated when conduits flow 
under pressure. 

where AP represents the pressure change caused by the d~fference in the squares of the 
velocities through the bend. The total exerted force on the bend by the water, the total 
of momentum and pressure forces, must be counteracted by external forces. Allowable 
soil bearing should be determined using soil tests if necessary. Forces which cannot be 
handled by conduit bearing on the soil must be compensated for by add~tional thrust 
blocks or other structures. 

7.6 Safety 

Hydraulic structures constructed in Maricopa County will usually be subject to public 
access. 

Designs for hydraulic structures must address the issue of safety. First, signage must 
be provided to identify the potential hazard of flooding or dangerous flow measures 
to the public. Second, appropriate measures must be designed to keep the public 
away from hazardous locations. For example, vertical drop structures should not 
exceed 3 feet in height, and adequate fencing or railings must be provided along all 
other walls, such as wing walls or training walls. 

Additional considerations for safety are discussed in Chapter 5. 

7-70 January 28, 1996 



IIydraulic Structures 

7.7 Operation, Maintenance and Aesthetic Considerations 
,--=> 

"7.3 aerat ion  and Maintenance 

1I:~draulic structures should be designed so thcy can be maintained. As with other 
drainage facilities, maintenance operations will consist of scheduled and unscheduled - 
,operations. Scheduled ol~erations,~include~~n~wing~~~&b~s removal, .graffti~,r&mval,,and 
rock replacement. Unscheduled operations are those which follow a storm event and 
include debris removal, rock replacement. erosion repair, fence or railing repair and 
other activities for which the frequency and scope cannot be predicted. Some 
tnaintenance considerations appropriate for hydraulic structures are presented below. 
Access to key areas (i.e. crest area, stilling basin area) for maintenance equipment and 
personnel is the primary consideration cornr~lon to all structure t, .J p es. 

.4 4.1 slope is recommended as a minimum for mowlng equipment on landscaped or 
grass bank and transit~on slopes. The local jurisdictional agency should be consulted 
regarding special circumstances for specific site constraints where a steeper slope may 
be necessary. 

Transition areas upstream and downstream of the structures should be designed to drain 
complctely. This applies particularly to stilling basins. 

Selection and placement of rock for a stilling basin or upstream of a drop crest should 
consider a slze range not easily displaced b:~ flow as well as one not easily moved by 
vandalism. Grouted boulders are a suitable alternative. 

Open channels are recommended in lieu of pipes 
through the drop srructure area. Pipes may plug or frequently overtop, leading to 
additional maintenance problems. Pipes should be no smaller than 24 inches in 
diameter. 

I 

Riprap should be provided at likely scour areas that are rclatively expensive to access 
and repair later. 

7.7.2.1 General: Aesthetics: safety, recreation, and overall illregration with nearby land 
uses are impc~rtanl aspects in the desigii of hydraulic rlructures. The design and 
planning, construction, and maintenance of hydraulic structures and natural 
drainageways in an urban setting all offer opportunities for promoting aesthetic design 
and habitat features. Maximizing functional uses while improving visual quality requires 
good planning from the onset of the proje~t, and the coordinated efforts of the 
ownerlclient, engineer. landscape architect, and planner. 



Drainage Design Manual fool Maricopa County. Volume 11. Hydraulics 

The significance of providing an aesthetic and visually appea!ing project depends on the 
number, type, and frequency of viewer; the viewing angle; project location; and the 
overall environment of the prqject area. Aesthetic considerations are site and project 
specific. 

The combination and diversity of iorms, lines: colors, and textures create the visual 
experience. Material selection and landscape design can provide visual character and 
create interesting spaces in and around hydraulic structures. 

;>, . . , ~,.. 

7.7.2.2 Open Spaces and Parks: Creative planning concepts in urban and urbanizing 
areas, particularly in residential areas, emphasize multiple uses of flood control, 
recreation, and open spaces. Cluster housing and good subdivision planning may be 
coordinated to offer opportunities to maintain the natural habitat characteristics of thc 
drainageway while fulfilling open space and recreation requirements. 

Multiple use of flood control structures and open space parks has proven to be an 
effective and aesthetic land use combination. Athletic fields and detention areas which 
remain dry most of the time have been used in many communities. The design of 
ove,rflow structuresand crest controls can be combined withconcrete pathways to blend 
with a park lined environment. 

7.7.2.3 Materials: A variety of materials and finishes are available for use in hydraulic 
structures. Concrete color additions, exposed aggregates and form liners can be used to 
create visual interest to otherwise stark walls. The location of expansion and control 
joints in combination with reveals can be used to create effective design detailing of 
headwalls and ahutments. Rock and vegetation can be used for bank stability and 
erosion protection around structures to provide visual contrast and diversity; and spatial 
character. 
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7.8 Design Exami~les for Rinrag Basins 

. ,, . . 
8 ft by 6 i l  box culvert 
Q = 800ct's 
supercritical flow in culveri 
normal rlow dep1.h = brink depih 
Yo = 4 ft 
Taiiwale: dep!h (TW) = 2.8 R 

Find: 

Riprap bas~n dimensions for these condillons. 

1. Yo = yc for reclangular section, ye = 4 ft 

5. 'Try d5Jy, = 0.45, d5, = (0.45)(4) = 1 .80 ft 
Ron1 Figure 7.24, h,/y, = 1.6 
h; = (4)(1.6) = 6.4 ft 
h,/d5,,=6.4/l.8=3.6ft: 2<h,/d,0<4 

6. From Figure 7.21 : 
L, = (10)(6.4) = 64 ft 
L, inin = (3)(W,) = (3)(8) = 24 ft, use L, = 64 ft 
L, = (15)(6.4) = 96 ft 
I,, nun = (4)(W,) = (4)(8) = 32 ft, use L,= 96 ft 

Other basin dimensions designed in accordance with details are shown in Figure 7.21. 

lJse of a filter fabric 01 engineered blanltet is recommended. 
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7.8.2 &sign Example Number 2 

Given: 

S ft by 6 1'1 box culvert 
Q = 800 cfs 
supercritical flow in culvert 

',normal"flow deph  =,bbriink-depth , , ,, , 

Yo = 4 fr 
Tailwater depth (TW) = 4.2 ft 
Downstream channel can tolerate 7 fps for design discharge 

Riprap basin dimensions for these conditions. 

Solution: 

Nore: High lailwater depth. TWIY, = 1.05 > 0.75 

1. Design riprap basin using steps 1 through 6 of Design Example 1. 

d,, = 1.8 ft; h,= 6.4 ft; L,= 64 ft; L,= 96 ft 

2. Design riprap for downslream channel. Use Flgure 7.25 to estimate the average 
velocity along the channel. Compute the equivalent circular diameter, D,, for the 
brink area, A. from: 

A = rr(D,Z I 4) = Y,W, 
rr(D: 14) = 4(8) = 32 ft2 
D, = [ 4(1)(8/rr) lo' = 6.4 ft 
V, = 25 fps (Design Example Number 1) 

The channel should be lined with the same size rock used for the basin. Protection must 
extend at least 135 feet downstream from the culvert brink. 

LID, 
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6 izet dianieter cmp 
Q = 135 cfs 
So = 0.004 
Mannings n = 0.024 

: F J o ~ a 1 d e p t ~ ' i n  pipe I'oi Q = 135 &is  i 5  feet, : 
Normal velocity is 5.9 I'ps 
Flow is subcritical 
Tailwater depth (TW) is 2.0 ft 

Riprap basin ditl-iensir?~ss for these conditions. 

Solution: 

i . Determilie Yo and V:,: 
Q/D'" 135/(6)'. = 1.53 
'I'WID = 2.016 = 0.33 
From Figure 7.23, Y,/D = 0.45 
Y ,  = (0.45)(6) = 2.7 ft 
'TW/Y,= 2.0/2.70 = 0.74, TW/Y, < 0.75 
Brink Area (A) for Y,/D = 0.45 is: 

A = (0.343)(36) = 12.3 ft2 10.343 is from Tabic 7.21 
V;= Q/A = 135112.3 = 11.0 fps 

4 Try (l,oly, = 0.25, d,, = (0.25)(2.48) = 0.62 ft 
From Figure 7.23, hJy, = 0.75, h, = (0.75)(2.48) = 1.86 ft 
check: h,/d,,= 1.86/0.62 = 3, 2 < h jd,, < 4 OK 

5. L, = (l.O)(h,) = (lO~(1.86) - 18.6 
or 

Ls(3)(W,) = (3)(6) = 18 ft, Use L, = 18.6 ft 
L, = (15)(h,) = (1 5)(1.86) = 27.9ft 

or 
L, = (4)(W,) = (4)(6) = 24 ft. Use L, = 27.9 ft 
d,, = 0.62 ft, Use d,,= 8 inches 

Other bacin dimensions designed in accordance with details are shown on Figure 7.21. 
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8.1 Definition of Svmbols 

The following symbols will be used in equations throughout Chapter 8. 

Drainage area, acres 
Runoff coefficient, see Table 3.2 of Volume I, Hydrology 
Inflow to the system, cfs 
Outflow from the system, cfs 
Rainfall depth, inches 
Storage volume in the system, cfs-hrs or f e  
Time, hours 
Calculated volume, acre-feet 

8.2 Introduction 

Detentio~dretention facilities are man-made storage structures intended to mitigate the 
negative impacts of urbanization on storm drainage, which include: 

Increased peak flow rates. 
Loss of natural depression storage. 
Reduction of infiltration capacity in a drainage basin. 
Reduction of natural vegetation, which, in a natural state, reduces storm runoff 
through the process of interception. 
Increased pollutant load in surface runoff. 

Detention Basin: A basin or reservoir where water is stored for regulating storm water 
runoff. A detention basin uses gravity-flow outlets for discharging the stored runoff. 
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Detention facilities do not reduce the volume of runoff, they do however lengthen the 
time flow will be present in the watercourse downstream of the facility. Due to the 
longer duration of flow downstream of detention basins, their use requires greater 
analysis to ensure that peak discharges are not increased downstream. Also, the impact 
a detention basin has on reducing the peak discharge tends to decline as the frequency 
of the event increases. Therefore: care must be taken not to size the outlet too large, and 
a range of events should be considered in the analysis. 

etentian,'Basix--A, basin 'orreservoi~"where wateris stored.for.regulxting a .flood, 
however, it does not havc gravity-flow outlets for discharging stored runoff as detention 
basins do. The stored water is disposed by other means such as infiltration into the soil, 
evaporation, injection (or dry) wells, or pumping systems. 

This chapter presents the engineering methodologies and details associated with the 
planning, analysis and design of detention and retention facilities within Maricopa 
County. The guidelines herein are intended to achieve the following goals: 

1. Design of detentionlretention facilities that satisfy the ordinance provisions of 
Maricopa County andlor the individual jurisdictional agencies within the County 
with regard to hydraulic function and maintainability; 

2. Design of detentionlretention facilities that are amenities, and, where possible, 
incorporate multiple-use concepts; and 

3. Design of facilities that will not jeopardize the quality of surface water or 
groundwater resources. 

8.2.1 Interaction with Other Components of a Drainage System 

Detentionlretention facilities are components of an overall stormwater management 
system that is also comprised of natural and man-made channels, storm sewers, inlets, 
streets and other drainage structures. Their purpose is to provide temporary storage of 
the stormwater runoff from developed areas and to control the increased peak rates of 
runoff. Proper planning and design of detentioniretention facilities must consider the 
interaction of storage with the other components of the drainage system. 

The greater the number of storage facilities in a system, the more complex is the 
analysis of the interaction of thc various discharges. Often the increased costs of 
construction and maintenance of a large number of smaller storage facilities offset any 
savings in reduced sizes of storm sewers downstream. Planning efforts should be 
oriented toward minimizing the number of storage facilities in a drainage basin. 

As part of the planning and design process, the engineer must verify that releases from 
the detentlonlretention facility will not adversely impact downstream conditions in terms 
of both manner and quantity of flow. Conditions such as peak flow, velocity, flow 
conccntration, prolongation of flow and quality of discharge are factors to be considered. 

- - -- 
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, JIJ general,,,storagefacilities are f a b e  located so Lheycan.intercept,the flow fromthe 
entire developnlent area. If portions of the area cannot drain to a single storage 
facility, then additional facilities may be added to provide control of those areas as 
approved by the appropriate jurisdictional agency. The objective is to provide 
storage of runoff with a minimum number of detentionlretention facilities located 
at optimum points within a development area. Whenever possible, the facilities shall 
be designed for niultiple uses: such as parks or other recreational facilities, to offset 
the cost of open space and to encourage improved maintenance. 

I 

i 

Residential developments shall have no single lot storage, and the design of 
common facilities shall not assume any individual lot on-site storage, unless 
approved by the jurisdictional agency. Developments with Homeowner's 
Associations will locate their facilities in private drainage tracts or in public sites 
dedicated by the developer, in accordance with the jurisdictional agency's 
requirements. The Homeowner's Association will maintain the private facilities, and 
the jurisdictional agency will usually maintain the public tracts. Common storage 
facilities for single family developments without a Homeowner's Association and 
with public streets will have maintenance provisions determined by the jurisdictional 
egency. The number and location of storage facilities within a development are to 
be approved by the jurisdictional agency. Dedication to the public may require the 
iilclusion of recreational facilities or other features deemed necessary by the 
jurisdictional agency. 

I The requirement for a development to provide storage of runoff by detention or , 
retention facilities will not be waived unless determined otherwise by the 

I . .  . . 
lurisdichonal agency on a case by case basis. 

Single lot, non-residential developments that are not served by a public storage 
facility will provide the required storage on the lot itself and outside the 
right-of-way area. 

Regional Detention/Retention Facilities: Regional detentionlretention facilities are 
large storage facilities located at strategic sites within a drainage basin to provide coiltrol 
of runoff. The advantages of this type of facility are: 

* The siting and design of regional storage facilities are normally iilcorporated as 
part of an overall drainage niaster plan. Thus, alternative siting combinatioils 
and their respective hydraulic routing effects can be investigated. Storage 
alternatives can be evaluated with olher factors (i.e., conveyance system, land 
and maintenance costs), to arrive at an optimal solution for the drainage basin. 
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Operation and maintenance costs are reduced. Maintenance of regional facilities 
is typically the responsibility of a jurisdictional agency. The reduced cost of 
operation and lnaintenance can often offset the increased cost of tributary storm 
sewers which must be sized to carry higher peak rates of flow. 

Regional facilities are more effective and reliable because they are planned, 
designed and maintained as pan of a total drainage system. On-site facilities can 
be less reliahle and less effective because they are constructed randomly as a 

selops and~beca~se.maintenance efforts can vary. The,result.of on-site ,. - , 

is a higher percentage of malfunctions. 

Advance planning is the key element in the regional approach to stormwater 
detention/retention. The jurisdictional agencies within Maricopa County have agreed 
that basin-wide master drainage planning is necessary for the developlnent of 
cost-effective systems for stormwater management. Planning for regional 
detentioniretention facilities for a drainage basin lypically includes: 

1. Development of an optimum drainage master plan for the basin in order to 
achieve an efficient and cost-effective drainage systems, and to ensure that 
multiple use opportunities are preserved. 

2. Mul~i-jurisdictional cooperation, because natural drainage basins do not 
necessarily follow jurisdictional boundaries. 

3.  Participation by properly owners, developers, engineers and the general public. 

4. A plan for implementation that incorporates construction phasing of facilities 

5. Establishing a framework for fair and equitable financing of capital and 
maintenance costs. 

8.3 Design Criteria 

This section presents certain guidelines, procedures and criteria to be used in the 
analysis and design of detention and retention facilities. Because specific policies and 
criteria vary, the designer must contact the jurisdictional agency for the area in which 
the basin will he located before beginning design. 

8.3.1 Criteria for DetentionJRetention Facilities 

The following general criteria apply to the design of stormwater detentiodretention 
facilities. 
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8.3.1.1 Design Frequerrry: 

In jurisdictions where multi-frequency control is required, the design will be prepared 
to regulate the peak discharge rates for one or more storm events in addition to the 
100-year storm. Specific multi-frequency events shall be verified with the appropriate 
jurisdiction 

. : 

8.3.1.2 Hydrology: Procedures and criteria for development of inflow hydrographs for 
detention/retention facilities are described in the Draiilune Desinrz Manual for Mnricopn .. ., 
County, Volunie I, Hydrology. Some jurisdictional agencies have developed simplified 
equations for determining the volume required for retention. The engineer should verify .. 

the methodology for calculation of the required storage volume with the appropriate 
jurisdiction. 

I 
All detentiodretention facilities incorporated within new developments will be 
designed to rctain the peak tlow :~nd volume of runoff from the 100-year, 2-hour 
duration storm event. Ln the special case of when a detention only facility is allowed, 
the requirement to retain the 100-year 2-hour runoff volume may be waived. 
However, the peak discharge requirement must still be met, and the effects of using 1 . , a . detention only facility . on more .,. , frequent events ,. , . .  ,... , " .  must . be determined. . . ,,. .~ . . . .  . . a , 

Volume Calculutions: Volume calculation should be done by applying the following 
equation: 

:,, , .  

In the caqe of volume calculations for detentiodretention design, P equals the 100-year, 
2-hour dcpth in inches, from Figure 8.1. The amount of rainfall for other frequencies and 
durations can be determined by using Section 2.2 of Volume I, Hydrology. 

Off-sltc flows may not be routcd through a retention facility unless specifically 
approvcd by the appropriate jurisd~ctional agency. 

For a typical stomlwater detention facility, there are three variables to be considered in 
flood routing through the structure: 

1. Inflow to the facility, which varies as a function of time; 

2. Outflow from the facility, which varies as a function of time; and 

3. Storage: which is the result of the difference between the inflow and outflow for 
a period of time or time inte,rval. 
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Figure 8.1 
Isopluvial 100-Year: 2-Hour Precipitation 
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TIME 

Figure 8.2 
Flood Routing (Inflow and Outflow Hydrograph) 

Figure 8.2 illustrates the general relationship among the three variables that must be 
considered for flood routing through a structure. 

The. outflow hydrograph from a proposed stormwater detention facility shall be 
determined using the "Storage Indication" or "Modified Puls" method of flood routing. 
See Section 8.8 for a detailed description of this routing procedure. Other similar 
hydrologic routing methods may also be used, provided that the chosen method is first 
approved by the appropriate review agency. If a computer program for flood/reservoir 
routing is intended to be used, documentation of the program shall be submitted to  the 
appropriate review agency prior to commencing design. Non-tributary flows may not 
be routed through a detention facility unless specifically approved by the jurisdictional 
agency 

Detention ponds in series (i.e., when the discharge of one facility becomes the inflow 
of another) are complex and require special consideration and design by a hydraulic 
engineer. If such a system is unavoidable, the engineer must submit a hydrologic 
analysis which demonstrates the system's adequacy. This analysis must incorporate the 
construction of hydrographs for all inflow and outflow components. 

8.3.1.3 Sedimentation in Detentiofletention Basins: Depending on the watershed, 
sediment deposition into detention/retention basins may be significant enough to reduce 
storage volume. Therefore, it is important during the design process to estimate the 
sediment yield from the watershed and add this volume to the storage volume. This can 
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be accomplished by various empirical methods listed in the references below and/or by 
using the HEC-6 sediment routing computer model. 

a) PSIAC (Pacific Southwest InterAgency Committee) Method. This procedure, 
developed for planning level analysis in the Southwestern United States, uses 
generalized watershed characteristics to estimate watershed soil loss rates. This 
method is explained in Appendix A of the Arizona Department of Water 
Resources. DESIGN MANUAL FOR ENGINEERINGANALYSIS OF FLUVIAL 

e--n~iginal.snurcwis the $+&ate:.of Californi.8;:Depafiment of . . 

Conservation, EROSIONAND SEDIMENT CONTROL HANDBOOK, 1978. 

b) MUSLE (Modified Universal Soil Loss Equation) Method is an empirically 
derived method using the major parameters of the Universal Soil Loss Equation 
10 estimate sediment yield on a per storm basis. This method was developed by 
Williams (1975) and can also be found in Appendix B of Arizona Department 
of Water Resources, DESIGN MANUAL FOR ENGINEERING ANALYSIS OF 
FLUVIAL SYSTEM, 1985. 

C) U.S. BUREAU OF RECLAMATION Method provides empirical relationships 
between sediment yield and other watershed parameters such as drainage area. 
discharge and reservoir depth. These methods are described in Appendix A of 
U.S. Department of Interior, Bureau of Reclamation, DESIGN OF SMALL 
DAMS. 1987. 

d) NATlONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM 
SYNTHESES No. 70 Method provides a sediment yield relationship involving 
parameters such as watershed slope, soil erodibility (related to SCS Curve 
Number for soil groups), drainage area 'and erosion control factor. This research 
was sponsored by AASHTO and can be found in Transportation Research 
Board. Synthesis No. 70, DESIGN OF SEDIMENTATION BASINS, June 1980. 

These methods or any other approved methods can be used to estimate sediment 
deposition in the detention basin. A HEC-6 sediment transport model may be used if 
enough information exists for this to he accomplished. This is an elaborate method that 
routes sediment through the channel into the basin and may only be necessary for large 
projects. To obtain the required sediment storage volume the annual sediment 
deposition, in acre feet per year, must be determined and multiplied by the expected 
number of years between sediment removal. It may also be necessary to install sediment 
gauges throughout the basin for monitoring rate of sediment deposition. 

If sediment yield has been determined lo be excessive or there is a great potential ior 
debris deposition (such as in the case of alluvial fans), then a sediment basin would be 
required upstream of the detentionfretention basin. 

8.3.1.4 Siting and Geometry: With respect to siting, detentionlretention facilities which 
utilize a method of subsurface disposal shall be located such that the infiltration surface 
will be a specific distance, both horizontal and vertical, from any functioning water well. 



v 7  I h t  appropriate jurisdic:ional agency si~ould be contacted regarding regulations 
governing the s i t i ~ g  o i  such facilities near wells or near the static groundwater table. 

Basic requirements regarding facility shape, side slopes, depth and bottom configuration 
are provided below. Additional details are presented in Sections 8.4, 8.5, and 8.6 in 
coiljunction with guidelines regxdii~g safety; (,peration and maintenance, aesthetics, and 
multiple use considerations. 

general rule, c~svili.near+i~regularly 'shapedfacilities will have.the*,most . .. 
natural character. A wide range of shapes can be considered and utilized to integrate the 
detention facility with the s ~ l ~ ~ ~ n d i n g  site development. Smooth curves should be used 
in the plan layout of the grading for the facility. 

commencing design. I 

Side Slopes: Where grass is intended to be established: side slopes shall not be 
steeper than 4 horizontal to 1 vertical. Where other protection measures are intended, 
such as shrub planting, rock riprap or other structural measures, slopes shall not 
exceed 3 horizontal to 1 vertical unlehs approved by the appropriate jurisdictional 
agency. Where slopes abut the street right-of-way, the minimum slope shall be 4 
horizontal to 1 vertical regardless of surface treatment. Some jurisdictions may 

Transitions from slopes to level ground at the top and bottom of a facility shall be 
smooth curves. In all cases, slopes must be designed to allow for safe operation of 
maintenance equipment. Refer to Section 8.5.1 for provision of maintenance access. 
Side slope design should be done with the visual character of the completed facility in 
mind. A more natural appearance can be achieved by varying side slopes within a 
detention area. 

., -, 

Depth and Bottom Coitfiguration: Maximum ponding depth and freeboard 
requirements vary within Maricopa County and specific criteria for such must be 
verified by the designer with the appropriate jurisdictional agency. With respect to 
grading, deep facilities should be avoided, if possible. For facilities with a depth in 
excess of three feet. consideration should be given to the use of flatter side slopes 
or the provision of intermediate benches along side slopes. The bottom shall be 
designed to drain to a low flow channel for a detention facility. 

require a flatter slope. The designer should verify the slope requirement prior to , 

8.3.1.5 Drain Time: 

I- 

! The design of all detcntionlretention facilities shall be such that the stored runoff is 
completely discharged from the facility within 36 hours after the runoff event has 
ended. 

-- -- 
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8.3.1.6 I,ining/S~~rface Treatment: In keeping with the goal of detentionlretention 
facilities as amenities that incorporate multiple use concepts where possible, grass 
andlor landscape plantings are preferred surface treatments. As a general rule, grass and 
plant species used for landscape development and revegetation should be native to 
Maricopa County. A registered landscape architect should prepare the landscape design 
with consideration toward use of plant species appropriate for the level and frequency 
of inundation of the facility. Perinanent irrigation systems are required for grass areas 
and most types of basin revegetation and landscaping. However, use of native and 

,. . ~ dseught tolerant ,spspec,ies?(including seeding:) 'may ,omby , requ~i , re ,~a- te ,mpor~syste  to  - ,, . 
obtain effective germination and establishment. Whether permanent or temporary, that 
portion of the irrigation system witliin the flood zone must be designed to tolerate 
inundation and silt accun~ulations. 

The use of inert materials is appropriate for stabilization and erosion control where steep 
slopes are unavoidable, along channels, at inflow points, at the outlet control structure - 
and any other location where flowing water may threaten stability. Use of these 
materials should be properly engineered and should respond to aesthetic considerations. 
Inert materials for erosion control include: 

Loose rock riprap with a specific, engineered gradation 
Loose or grouted boulders (minimum dimension 18 inches and larger) 
River stone 

* Gabions 
* Soil cement and concrete 

Designs that combine landscape planting with the use of inert materials are 
recommended. Voids can be designed within the inert material to allow installation of 
plants. The result is a durable and attractive method of protection. 

8.3.1.7 Low Flow Channels: A low flow channel is required in the bottom of a 
detention facility to provide positive routing of drainage to the primary outlet structure. 
An example of a rectangular concrete low flow channel is provided in Figure 8.3. The 
engineer will provide design of the reinforcement of the channel. The channel shall have 
a 0.5 percent maximum longitudinal slope. Alternative low flow channel designs may 
be coilsidered at the discretion of the individual jurisdictional agency. however, use of 
loose rock or other movable mateiials can only be made after careful consideration. 

8.3.1.8 DetentionIRetention Facility Inlet and Outlet Structures: Conveyance of 
runoff into a retention facility often involves directing the inflow down a slope into the 
storage area. The design of an inlet structure shall be such that inflow is directed into the 
facility in a non-erosive manner and without adverse impacts to the retention facility or 
to upstream areas. The designer is referred to analysis methods presented in Chapter 6 
for the design of inlet structures. 

Retention facilities shall be drained by either a positive gravity outlet. a pump station, 
or by subsurface disposal measures. 
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Figwe 8.3 
Rectangular Concrete Channel Section 

(Adapted from: WRC Engineering, Inc.! 1985) 
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Outlet structures are an imporranr component of stormwater delention facilities since 
they control the rates of release from the facility, the water depth, and storage volume 
in the facility. Oullet structures are classitied as: 1) primaiy outlet structures that provide 
the hydraulic control for the specific design event(s) required by the jurisdictional 
agency; and 2) emergency spillways that provide safe routes, typically via surface 
overflow, for storm events in excess of the design frequency or in the case of debris 
blockage or malfunction of the primuy outlet structure. 

Primary Outlet Slrrietures: Within Maricopa County, junsdictionai agencies tnay 
require attenuation of a single frequency stonn or a number of frequencies. Refer to the 
specific requirements of the jurisdiction where the design is being prepared; however, 
two-stage and multi-stage control structures are becoming more widely used. Figure 8.4 
presents examples of single frequency and multi-frequency outlet control structures. 

The minimum allowable pipe size for primary outlel structures is 12-inches in 
diameter. 

If thl: flow capacity of an outlet pipe must be further reduced, an orifice plate may be 
attached, as shown on Figure 8.5(a). The orifice plate must be constructed of heavy, 
galvanized steel and attached by tamper-proof bolts. Other outlet configurations may be 
allowed provided they meet the requirements of the permitted release rates at the 
requireii volume and include proper provisions for maintenance and reliability. 

Primary outlet structures, pdcularly those controlling multiple storm events. are often 
special design structures unique to specific site applications. Coilsideration must be 
given to structural adequacy and flotation under hydrostatic loads. 

Truslz Racks: Trash racks shall be provided for pipe and orifice outlets. 

The trash rack assembly shall be hinged or removable to allow access to the outlet 
construction. The mesh or bar screcn shall be fabricated of steel designed to withstand 
the hydrostatic load resulting from the 100-year design ponding with screen openings 
blocked. The rack assembly shall be galvanized steel or steel with a protective coating 
suitable for exposure to sunlight, as well as submerged conditions. Figure 8.5(b) 
provides guidelines for determining the open area requirements for trash racks. An 
anti-vortex device should be included with the trash rack design if vortices are 
anticipated which could affect hydraulic efficiency and cause erosion of adjacent earth 
slopes. 

Etzergy Dissipation at Outlet: Adequate energy dissipation measures shall be provided 
at the downstream end of prima>? outlet structures. Such measures shall be designed to 
control local scour at the pipe outlet and to reduce velocities to pre-development 
conditions prior to exiting onto the downstream property. 
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- 
?ipe/CulverZ Configuration 

C'rifice -- Weir - Pipe/Culvert Configuration 

TOP OF SP!LLWAY 

FKE 

Orifice - . '  Weir - Pipe/Culvert - Spillway Configuration 

Figure 8.4 
Examples of Primary Outlet Structures 

(Pima C m n t y  Dep:lrtment of Transportation and Flood Contrcl District) 

. . ~ -- 
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(a) Orifice Plate Details Tamper-proof 
bolt (2 each) 

Floor o f i  
Outlet 

Section A-A i Orifice opening 
(with trashrack not shown) 

I 

1 NOTE: Trashrack capacay to be 
1 10 times orifice capacay. 

(b) Trashrack Area Requirements 

. . . . 
Orifice 

Figure 8.5 
Detention Facility Outlet Detail 

(Adapted from: WRC Engineering, 1987) 

Diameter 

Orifice Area, t? 

1 NOTE: For orifice diameter iess than 3.. 
I use a minimum clear opening of 2 t?. 
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Emergency Spillways: Emergency spillways are nonnally surface overflow weirs, 
channels, or combinations thereof, provided for the safe overflow and routing of 
floodwaters undcr unusual circumstances. Such situations include the blockage or 
malfunction of the primary outlet structure or the occurrence of a storm event iarger than 
rhat for which the f:lcility was designed. Consideration must be given to the layout and 
configuration of the emergency spillway so that cxcess flow is routed in the same 
manner and direction as would have occurred under pre-development or historic 
conditions. Emergency spillways must be designed to convey the unattenuated 100-year 

c h a ~ e t a t  non-erosive velocities. For ~cr,iteri~a,regardiwg.~design of sm~,rgency 
llways for embankments, refer to Section 8.3.3.4. 

8.3.1.9 Subsurface Disposal: The primary methods of underground disposal of 
stormwater runoff at retention facilities are engineered basin floors and dry wells. 
Infiltration rates of basin floors or dry wells shall not be used in deternlining outflow 
rates in flood-routing procedures. 

Engineered Basin Floors: Analysis and design of the bottom of a retention facility 
intended for subsurface disposal is detailed in Undergrorrrld Uisposcll of Stormwaler 
Rui7.offDesigrt Guidelittes Maiiual (USDOT, FHWA, 1980); refer to this publication for 
specific design criteria. 

Dry Wells: Dry wells may be used for subsurface disposal of stormwater, i i  approved 
by the jurisdictional agency. and tf criteria such as subsurface strata peimeability, 
groundwater levels and maintenance can be satiafactorily addressed. The main cause of 
dry well failure is clogging of the transmission media (gravel) by silt and debris. Failure 
can be hastened by poor maintenance. Figure 8.6 shows a typical dry well installation, 
while Flgure 8.7 shows examples of surface treatments. 

- - - 

All dry wells must be registered wlth the Arizona Department of Environmental 
Quality. 

The following list of general requirements and criteria shall be used in the design and 
construction of dry wells (or other methods of subsurface disposal of stormwater). In 
addition, the engineer is referred to specific dry well policies of the applicable 
jurisdictional agency within Maricopa County. 

The feasibility of subsurface disposal of stormwater at a site must be 
documented by field investigations and a report by a registered civil engineer. 
Field investigations shall include percolation tests to obtain permeability rates 
for use in the design of the retention facility. The accepted design disposal rate 
for a dry well is not to exceed 0.1 cfs per well unless a greater rate can be 
supported by a detailed, certified soils report. Should the soils report indicate a 
higher rate, a conservative value of 50 percent of the higher rate (not to exceed 
0.5 cfs per well) shall be used to compensate for deterioration over time. The 
infiltration surface of the subsurface disposal facility must be located a specified 
minimum distance from the static groundwater table.. both horizontally and 
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vcrlically, depending on thc type of developmerlt proposed. The appropriate 
jurisdictional agency should be contacted for specific criteria regarding this item. 

* The design of a dry well must include provisions for [rapping sediment within 
a settling chamber. This measure will significantly increase both the efficiency 
and useful life of the well. Once a year, at a minimum, the settling chamber 
should be inspected, and it should also be inspected after any major inflow to the 

nt shall be removed from the chamber at such a time that 
&half .of:'its .Gapacity is:filled.~~ZhisAevel.of sedimentbuild'up . , 

shall be clearly marked on the inside of the settling chamber. All sediment 
removed from a settling chamber shall be disposed of either at an authorized 
sanitary landfill or at any other suitable location approved by the governing 
jurisdiction. 

* A test well shall be installed for ally retention facility utilizing dry wells for 
stormwater disposal. Upon approval of performance, this test well may then be 
used as one of the functioning dry wells within the retention facility. For 
purposes of design, the "initial" well-injection rates (determined from the test 
well) shall be multiplied by ,the factor 0.5 in order to establish "aged" 
well-injection rates to be used for purposes of determining the required number 
of dry wells ultimately fieeded within the facility. 

Infiltration rates of dry wells shall not be uhed i ~ .  determining outflow rates in 
flood-routing procedures. Any retention facility which relies solely upon 
infiltration as its method of drainage shall be sized to contain the maximum 
storage volume that would be required without considering an outflow rate. 

Disposal methods using infiltratio~ shall ~ o t  be permitted for stormwater runoff 
which carries significant concentrations of sediment. This includes stormwater 
runoff flowing through sand bed channels, as well as stormwater runoff 
emanating from a predominantly natural watershed. 

During site development, all dry wells shall be securely covered with filter cloth 
or other material to prevent the introduction of excessive sediment into the 
settling chamber. 

- Retention of runoff emanating from industrial developments and infiltration of 
runoff to the subsurface will be handled on a case-by-case basis by the 
appropriate reviewing agency. 

* Runoff stored in a retention facility shall be completely drained from the facility 
within a maximum time period of 36 hours after the runoff event has ended. Dry 
wells that cease to drain a facility within the 36-hour period shall be replaced by 
the owner with new ones, unless an alternate method of drainage is available. 

-- --- 
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Cast Iran Ring and Grate 

Debris Screen 

Settling Chamber 

Asbestos Conc. Overflow P~pe 

Precast Conc. Liner 

Fiber Membrane 

PVC Pipe 

Gravel Drainfill 

Injection Screen 

Figure 8.6 
Typical Dry Well Installation 

(McGuckin Drilling Inc.. 1987) 
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A. ~ d d  a concmte pad for heavy t d i i c  ares 

- 
8.  Far lmduapd rctrntton ponds md p l m m .  No paving or pad. In 

areas where rill rmght ilow to drlrell, use C. 

W Y P I C T E O Y )  

C I  I IHGA G I A T  
.M 

YO#SiuIIEYEYB%NE 
YIU re' BELOWRIM 

UODIIIEDUkHHOLE CON 

C. Use in landwapd retent~anldetentlan barrnr or where heavy stit 
ilow ir ant~clpated. Helght should be 4 " =  

D. A r p n i  design when  w t a b l r  roil conditionr could cauv rudace 
subsidence. ~ l u ,  installed with connechw piper md mnchcr. 

Figure 8.7 
Typical Dry Well Surface Treatments 

(McGuckin Drilling Iuc.. 1987) 

8-18 January 28,1996 



83.1.10 Permanent ?oak: Ccrtaiii jur~sdic~ions aiihin :\?aricopa County permit the 
design of a detention i'acility that incorporates a permanent pool for aesthetic purposes. 
The engineer should contact the a~propr ia~e  jurisdiction for specific criteria and 
r?gulation regarding such facilitieq. General considerations for facilities incorporating 
permanent pools are listcd helow: 

Flood storage vo!u:ne shall bc maintained above the level of the permanent pool. 
Provision for draining ?he full depth of the pond shall he included at the outlet 

. . .*rucmre, - , . , , . 

Maintenance of a rn~nirnuni water level should be ensured by the inflow from 
the watershed and/or by augmentation from oLher sources during prolonged dry 
periods and by the capability of the bottom of the facility to retain water. 
Seepage and evaporation losses should also he considered. 

Maintain water quality and minimize algae growth by designing for sufficient 
rninirn~~m depth and incorporating use of recirculation and aeration measures. 

* Considcr public safety as primary in the design of all features related to the 
peilnanent pool. 

Cieometric characteristics of the pond include: 

Choose botlom lining material suitable for retention of water and with 
consideralion toward maintenance (i.e., ease of sediment removal, etc.). 
Provisions for completely draining the pond should he made. 

- Create aesthetic yet maintainable edges. Edge design also should 
consider the effect of drawdown of the water surface. That is, a drop in 
water surface elevation should not create a wide expanse of unsightly 
shoreline. Sinlilarly, the area surrounding the permanent pool should be 
designed for periodic inundation. The area should drain completely and 
return to a stable surfncc following a flood event. 

Provision of slable side slopes above and below the permanent water 
surface. 

The pond edge shall be designed to mini~nize safety hazards. Water 
depth should be limited to 1.5 to 2 feel within 8 feet of the shoreline. L- 
Resolve permanent pool water depth issues versus safety needs; a 3-foot 
depth at shoreline required to linut pond edge vegetation growth exceeds 
the recommended pond edge depth (1.5 to 2,O feet). Therefore, other 
safety measures must be considered (see Section 8.4). 
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Ths design should considcr rneasurrs to minimize sediment inflow to the pond. 
Once sediment has entered ihe permanent pond, then removal can be expensive 
and may require draining the pond. Erosion should ideally be controlled at the 
source or by mitigation measures along the incoming channel. However, if such 
measures are not feasible, a sediment trap should be designed at the pond inflow 
location to intercept the majority of the incoming sediment and to facilitate 
removal (see Section 8.7.41. 

etention-facilityandpermanent:>pool.~are.ereat&by.aretainingi@tcncture, ,: 
such as an earth embankment, then the design guidelines for the embankments - - 
shall be followed, with particular emphasis on seepage control and embankment 
stability (see Section 8.3.3). 

* Potcntial impacts downstream shall be considered. The designer should be aware 
that an impoundment may improve, worsen or maintain existing downstream 
'low characteristics, and that any changes, even apparent improvements, may be 
viewed as infringements of downstream riparian rights. 

Since a permanent pool is most often desired for creation of a focal amenity for 
a development, it is appropriate that a registered landscape architect work in 
conjunction with the engineer to achieve an aesthetic design with consideration 
of costs of construction and maintenance. 

Special inethods for stormwater detentioniretention include underground storage, 
conveyance storage. roadway embankment storage, and storage in parking lots, 
pedestrian plazas, courtyards and common areas. 

The use of roofops as storage areas for runoff is not permitted in Maricopa County. 

Application of the special measures discussed below is regulated according to specific 
jurisdictions within Maricopa County. Contact the local jurisdiction before beginning 
to design using any of these methods. 

Since the following methods often result in facilities near buildings, it should be 
emphasized that the finished floor elevation of a structure shall be a minimum of one 
foot above the 100-year water surface of the detentioniretention facility. The finish 
floor elevation needs also to be above the emergency outfall of the basin. 

8.3.2.1 Underground Storage: This type of storage involves the construction of 
underground tanks, pipes. or vaults which accept stormwater runoff by means of inlets 
and storm drain pipes. Due to (he high cost of this type of installation, it is generally 
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!i:nited lo high-density develop~r.enrs, where s~irface stordge is ;;ot feasible diie either 
to thit scarcity i;r high cost of land-or both. 

IJi~derground !,;rage fdciiities rnust be pl-nvided with some rncthod of drainage (i.e. 
gravity draics, ;,ilin~s, or infiltration). 111 all cascs, lnanholcs (o!. sor!ie other ~neans  of 
access to the ~trr:ic~ground storage facilities) r:nls~ be provided for maintenaoce purposes. 

8.3.2.2 Conveyance Storage: During the period that channels and floodplains rue filling 
f..rhe stormvmter~is .being:stored inc.,transient ~fonn:.Tl~is type of storage .is 

known as conveyance storage. Construction of slow velocity channels with large cross 
sectional areas assists in the accomplishment of such st.orage. Conveyance storage 
systems are usually feasible only on large projects, and require detailed dynamic 
modeling for arialysis. 

8.3.2.3 Roadway Embankment Storage: IVhen feasible, us? of roadway fill slopes as 
an embankment for a detention basin pmvides an economical means of stormwater 
storage. Special considerations must be given both to the stability of the embankment 
and to the protection of the embank~nent from erosion. Additionally, State of Arizona 
dam safety requirements maywed to be addressed if the embanlanent height and/or the 
potential storage volume exceeds certain limits (see Section 8.3.3.1). ,, . 

8.3.2.4 Parking Lot Storage: Using parking lots for detention/retention is a sp~cia l  case 
of surface storage. It is an economical option for meeting detention/l.etention 
I-equire~nents in high density commercial and industrial developments. Planning of areas 
within a parking lot which will accept ponding should be such that pedestrians are 
inconvenienced as little as possible. 

Refer to local jurisdictional standards on the percentage of the parking lot to be used 
as retention area and the allowable ponded depth. The maximum depth of ponded 
water within any parking lot location shall be one foot (1 ft). Deeper ponding should 
be confined to remote areas of parking lots. whenever possible. 

Dramage of pariting lots can be accomplished by means of dry wells (if permitted). curl, 
openings, weirs, storm drains, orifices in walls, or gated outlets. 

8.3.2.5 Storage in Plazas, Courtyards and Cornrnon Areas: Landscaped conmon 
areas, pedestrian plazas uld courtyards, which are typically provided in conjunctio~l with 
high density residential, commercial and office developments, provide opportunities for 
multiple use as stormwater detention/retention facilities. Such facilities should be 
designed to minimize public inconvenience, especially during frequent stom1 events. 
Public safety issues are also very Important with this type of facility (see Section 8.4). 

1 
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The ~n in i~num longitudinal slope permitted within parking lot storage facilities is 
0.005 ftlft, unless concrete valley gutters are provided. With concrete valley gutters, 
a minimum longitudinal slope of 0.002 ftlfl may be permitted. 
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Pusitive drainage to the outlet structures and trashldebris control must be provided to 
assure that the facility drains complet.ely and efficiently. 

Whenever possible, detention/retention facilities should be constructed with the storage 
- volume loczted 'entirdy "below (the maturd ground si~rface adjacent to 'the, basin. 

Eowever, in some instances this may not be possible, and embankments may be 
necessary to provide the required storage volume. Since the use of embankments may 
create a potential downstream ilood hazard due to failure of the embankment, the 
following design considerations must be addressed in conjunction with their use. For 
additional information and guidelines for the design of embankments for 
detentionlretention Eacilities, refer to Desigll of Small Dams iUSRR, 19871. 

8.3.3.1 State Dam Safety Requirements: The Arizona Department of Water Resources 
(ADWR), Division of Safety of Dams, has legal jurisdiction over all darns 
(embankments) which exceed certain height and storage limits. ADWR defines a 
jurisdictional dam as "either 25 feet or more in height or stores inore than 50 acre-feet. 
If it is less than six feet in height regardless of storage capacity or does not store more 
than 15 acre-feet regardless of height. it is not in jurisdiction." 

Figure 8.8 illustrates the difference belween a jurisdictioilal and a uon-jorjsdictional 
dam. ADWR should be contacted regarding specific dam-safety requirements in 
conjunction with the design of any embankment which might come under their 
jurisdiction. Those which do fall within the jurisdiction of ADWR shall coinply with 
their applicable design requirements. 

8.3.3.2 Non-jurisdictional Dam Design: Embankments for detentiodretention facilities 
in Maicopa County that are "non-jurisdictional" according to the state criteria will 
generally be classified by the state as small dams with an associated hazard potential. 
The hazard potential classification is related to the conditions downstream of the dam. 
In the urban environment of Maricopa County, the potcntial for probable loss of life and 
excessive damage to development downstream (existing or future) is great. Therefore, 
all dams for detentiodretention facilities will be considered as having high hazard 
potential. 

The design reports, calculations, plans and specifications for construction of an 
embankment for a detention or retention facility shall be prepared by, or under the 
direction of, a professional engineer registered under the laws of Arizona, and having 
proficiency in civil engineering as related to dam technology. The engineer should check 
with the appropriate jurisdiction for specific submittal requirements for embankment 
dam designs. Figure 8.9 shows a typical section of an embankment darn with common 
components applicable to a typical detention or retention facility. 
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4 .[I ililSDIc'ih.iiil. ELM is n!b~tr 25 G; nia;e imt in lhe l~ l~t  a Las cap;lclty to stwe m e  then 5'd acro-?mi. 

I1 a dam is I h s  ihar six ie?! ii! i;e;ght, rqardltiss of stor3ge camcity, I t s  not juri~lctlonal, 

i o darn id; 15 ?xe-iWt 0- ikss of storage cap:;>. :~ i r r : ics;  oi htig:;t, it is nai jursdictisnal. 

M G l i T  s rrle .ihr!lzi d i ~ ' ; m  horn thn lowe;! p i n t  sn !r.o r j o w n s > m  tm !a! nat~ra l  ~ralnS1 to b e  spillway c:mt. 

CWC,CllY ;s h e  rnaxlr,um storage 'hat a n  ke !m(-c:~rd%z wren a g e  Is no discharge of witler. 

Eigurtr 6.8 
State of Arizc~na j~trisdictional Dam Defrniti~n 

(hd -p tcn  frosl- Stair: ,;i' :\rlzona Drp,r?r~l-nr of Water Resources, Safety of IIrmls Sectioo) 

- - -- - - -. -- -- .- -- - - -- --- 
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Figure 8.9 
Typical Section of a DetentionlRetention Facility Embankment Dam 
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5.3.3.3 Geoteehnical Engineering Studies: k geotechnical eiigineer~ng study shall be 
conducted prior to the design of any dam. The study shall provide information on the 
dam site conditions such as the dam foundation and abutments (valley floor and sidesj. 
and shail provide evaluation of soil materials proposed for construction of the dam. 
Samples obtained from borings a11d exploratory pits can be tested under laboratory 
conciitions to evaluate more precisely the soil and rock classification properties, strength, 

'ty, compatibility and other specialized tests pertinent to the specific project 
. -Analyses-;shall becondwct~d~~to~evaluate conditions such as'embankment .: . , 

slope, foundaticn stability, embankment and foundation seepage. internal and external 
erosion potential and embanluxlent settlement. The results of these analyses are used to 
develop criteria for economic and safe design and construction of embankment da.ms. 
These criteria include the types and zones of embankment fill materials based on using 
available borrow materials, upstream and downstream embankment slopes, and 
recommended measures for control of seepage. 

8.3.3.4 Emergency Spillway: All embankment dams for detentiodretention facilities 
shall incorporate an emergency overflow spillway for the safe overflow and routing of 
floodwaters under unusual circumstances. Such conditions-include the blockage or 
malfunction of the primary outlet structure or the occurrence of a storm event larger than 
that for which the facility was designed. Floodwaters that might otherwise overtop the 
embankment shall exit the facility via the emergency spillway and flow downstream in 
the san~r  manner and direction as would have occurred under pre-development or 
historic conditions. 

The design of emergency spillways shall incorporate adequate erosion cc,ntrol and 
energy dissipating measures to insure the stability of the embankment. Due to the high 
hazard potential of embanlulllent facilities in Maricopa County, the minimum design 
standard for emergency spillways shall be as indicated in Table 8.1. Total freeboard and 
residual freeboard dimensions shall conform to the applicab!e ADWR design 
requirements. 

Table 8.1 
Emergency Spillway Design Capacity Requirements for an 

Embankment Dam that is not Regulated by ADWR 

Dam Height Spillway Design Capacity 

1 il r 6 tt. I Unattended 100-year inflow I 
6 ft. < H < 25 ft. 1 K Probable Maximum Flood 1 
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8.3.3.5 Primary Outlet Structure: The primary outlet structure is the main outlet 
structure by which stormwater is discharged from a detentionlretention facility. It is 
typically a closed conduit structure with an inlet specifically designed to control a single 
frequency storm or multiple events depending on the requirements of the specific 
jurisdiction. Examples of typical primary outlet structures and discussions of related 
coinponents such as trash racks and energy dissipation structures are presented in 
Section 8.3.1.8 (Figures 8.4 and 8.5). Special consideration inust be given to seepage 
control .alongsutlet c m d ~ i l s  within an embankment -dam, as discussed below; 

8.3.3.6 Seepage: There are basically two categories of seepage considerations in 
embankment dam design. The primary concern is that seepage does not adversely affect 
the integrity or stability of the dam. The other category, water storage loss. is something 
the owner is usually most concerned about. This category relates to design of additional 
seepage control measures as required to maintain a permanent pool for reuse (water 
harvesting), or aesthetic or recreational purposes. Analyses shall be conducted m the 
follow~ng arcas at a minimum, to address control of seepage for the primary function of 
detention or retention of stormwater. 

Foundation: The flow of water through a pervious foundation produces seepage forces 
as a result of the friction between the percolating water and the soil medium. As the 
water percolates upward at the toe of the embankment, the seepage forces lift the soil 
by reducing its effective weight. In ceitain cases, this "piping" of the foundation soil can 
result in the failure of an embankment. A very common approach used is to excavate a 
cutoff trench into the foundation strata, typically into an impervious layer. The trench 
is then carefully backfilled with relatively impervious material. 

Embankment: Seepage through an embankment will occur, even with the tightest 
materials. On the upstream side of the dam, the embankment soils will reflect a water 
level equal to the impounded water level. As the water seeps through the dam, its 
pressure reduces and the water level drops. Design of the embankment should be such 
that seepage at the downstream toe occurs with no residual pressure. If the seepage were 
excessive, or were to emerge at an unplanned higher location, then erosion could begin 
a1 the discharge point and rapidly remove materials from within the embankment. Toe 
drains are typically designed to intercept the planned seepage flow, preventing nuisance 
conditions and enhancing slope stability. 

Slope Stability: Combined with seepage analysis. slope stability analysis is critical. The 
forces pushing a mass of soil are analyzed with respect to the force resisting that 
movement. A related problem is slope stability during conditions of rapid change. A 
common concern is during a rapid drawdown, such as when operational problems with 
outlet works or seepage occur. With such operational problems, pressures in the soil 
may cause the slopes to fail during drawdown. 
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?&!!ir'galong U.>rrndary Cncii(ioit,s: 'j\illerever therz are k?oundary conditions. such as 
3i<;~ig an oi~tlet ~:onduil, >pillway wall, ci~toff vench or more subtle situations (such as 
layers of fill that have been rol!ed to a smooth hard surface), rhere is the potential of 
crmting a more direct route f ~ r  piping. The water flows at a higher crr~sive rate because 
ir has a shorter, more efficient route. The technique that is often used along conduits and 
~ ~ 1 1 1 s  is to C O O S ~ T ~ C ~  cutoff cr>llars which ~ x t c r ~ d  laterally at i~itervals into the trench or 
-:nbankment. When a nxlch longer flow path is created, piping is nunimized. 

8.4 Safety -- 
Public access and safety are inherent elements in the design of a detention 01. retention 
faciiity. The~c. elcments x e  of primary i~nportance, particuiarly in the case of 
multiple-use fiac~lities where public use is encouraged in areas subject to potential 
flooding. 

... Safety at detentioidretention facilities is addressed in two ways. The first relates to the ~. 

, need to identify and conununicate potential hazards to the public. For example, with 
groper signage, users can be made aware of the existence of potential hazards, such as . , 

fl0~~ii11g. high velocity flows,, etc. 

The sect-nd relates to the design and maintenance of the facility. Appropriate steps must 
he taken to mitigate potentially dangerous conditions. 'Where the dangerous condition 
cannot be. prevented. appropriate measures must be implemented to keep users away 

. . from hazardous locations. If these safety concerns are appropriately addressed, there is 
no reason why public use of detentionlretention basins should not be allowed and 
encouraged. 

Signs will be the principal means by which users of the facility are advised of potential 
flood hazards. 

Signs should be provided at all designated entryways of detentioidretention 
facilities. They should also be provided at intervals (approximately 100 feet) around 
the perimeter of the facility to inform visitors who might gain access at other than 
designated entrances. 

In addition to cntiy and perimeter signs, siLqs should be installed within the facility. 
These signs should restate the potential flood hazard and should provide direcrions 
for appropriate routes out of the basin area should flooding occur. 
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Signs shoold indicate that rain in the immediate area is not a prerequisite for high water 
levels. They should indicate that stolms elsewhere in the watershed can result in 
flooding, and in some cases, a wail of water may enter the facility. An interpretive 
display sign illustrating this phenomena may be appropriate at each major entrance. 

To be effective in communicating the potential flood hazard to the public, signs must 
be in place when and where needed. Consideration inust be given to durability and 
vandal-resistance. Materials, fasteners, installation techniques, mounting heights, etc. 
rnustbe evaluated in'the .design;rofmportan warning signs. 

In some instances, warning devices other than signs may he appropriate and necessary. 
An audible alarm or a system of flashing lights: with a remote sensor activated by 
floodwater in an upstream channel, might be considered. This might be necessary in 
locations where watershed and inlet characteristics could result in rapid filling of the 
facility. 

Where parking lots are designed such that floodwaters will inundate the area, signs 
should be posted to alert users. Overnight or long-term parking should be prohibited. 

8.4.2 Inlet Structures 

Often higher flood flow is directed into a multiple-use facility by an overflow side 
channel spillway or by a drop structure. A large ~ o l u m e  of water entering the facility at 
high velocity can literally wash away an individual who is on or near the inlet structure. 
The design of an inlet that minimizes the velocity of incoming water will greatly 
enhance safety and should be included in the criteria for inlet structure design. Railing 
or fencing shall be designed at the top of all structural walls. 

It is also important to design inlet structures so that they do not become attractive 
nuisances. They should not be suitable for potentially dangerous activities such as 
skateboarding and motor-cross biking. In this regard. a rough textured surface might be 
more appropriate than a smooth, troweled-finish concrete surface. Features that preclude 
inappropriate uses of inlet structures should be used. 

As noted above, signs located around the inlet structure can inform the public of 
potential hazards associated with the area. Informative and well-maintained signs will 
be critically important in basin inlet areas. 

8.4.3 Outlet Structures and Spillwavs 

There are two elements of the saiery issue as related to outlet structures and spillways. 
The first deals with the safety of the user during flood conditions. The second deals with 
the uninterrupted operation of the outlet or drain required for the release of impounded 
water. 
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T.iser safety inu.<t he iii'ij~-~~ii;:ry cci11cerr1 wit l~ ihe des!~n of outlets or drains. They r ~ ~ u s r  
be desi~pcd so :iidt it i . ~  not ~o:;sible for a user ro be washed into an outld pipeline and 
trappcti. Thi.; 1s p~u-liculasly impc~rtant when considering childrcn 11sir1g the nutlet 
st.m.;turzs as a pia:;zrour~d. 

.dl. properly designed m s h  rack can pievent clogging by dchris as well as prcvent a 
person from being swept into the outlet structure and pipeline. In addition, where 

'> - hydraulic condi!ions a t  skhe o?~tlet~st.iucture can lead .to,'the formatiai uf:a'vurlex, the 
design should include anti-vortex protection. It is important to note: however, that an 
outlet strvcture is not a safe structure during flood conditions, whether it is a horizontal 
pipe outlct or a riser type structure mounted to a horizontal pipeline. Powerful inlet 
velocities car draw a person underwater at the outlet strxture regardless of the 
existence of a trash rack or grate. Signage is important to alert the public of this danger. 

All sitc t'urnisliings: such as benches. trash receptacles, and picnic tables must be 
secured to prevent them from becoming waterborne-debris which could clog :he outlet 
structure. 

Safety must also be considered downstream of outlet structures. Release flows, even 
though they may be controlled, can present a hazard. Specific conditions downstream 
of an outlet must be evaluated in ternis of safety. To protect the public, s~uc:ul-a1 walls 
shall have fencing or railing along the top of an outlet stnlcture. 

8.4.4 Safety Within the Facility 

The principal factors associated with safety inside a detentionlretention facility are user 
education, advance warning, potential water depth, slopes, routes out of flooded areas, 
and time to drain. 

I!ser education is a fundamental element in safety design for a detentiodretention 
facility. Clear, concise signage with illustralive graphics can inform the public of the 
primary flood conlrol puipose of the facility and describe the various features and their 
potential danger during a flood. Advance warning (alarms or lights triggered by 
upstream water levels) should be considered for multiple-use facilities, particularly 
where flash flooding and rapid basin inflow is possible. 

Safety concerns increase with an incease in potential water depth. A facility with a 
potential water depth of 2 to 3 feet (less than the head height of most uscrs) is typically 
less dangerous than a facility with a potential water depth of 5 to 6 feet, or more. For 
reasons of safety, potential water depth in detentionlretention facilities should be  kept 
to a minimu~n. When possible, potential water dcpth of three feet 01. less is 
reconmiended for small local detentiordretention basins immediately next to residential 
areas. 

--- 
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In all facilities, regardless of depth, slopes in flood-prone areas should be kept as 
shallow as possible. This will allow users who find themselves caught in flooded areas 
(or users who deliberately enter floo2ed areas) io walk out and up to non-flooded zones. 
It is recommended that slopes in flood-pmne areas not exceed 6 horizontal : 1 vertical. 

In addition to slopes, consideration shculd be ziven to bottom conditions in flood-prone 
areas. Soils that provide firm footing when saturated are safer than soils which do not. 
In severe.cases of unsuitable soils, partial or total removal may !be necessary. 

In addition to gcntlc slopes, routes out of flood-prone areas must be provided. Barriers 
that could trap a user in a flood-prone area must be avoided. Safe, well-signed exit 
routes that are negotiable under wet conditions must be developed, 

8.5 Operation and Maintenance 

There are two major components to the maintenance of a detentionlretention facility. 
The first is to design a facility that is maintainable, and the second is the physical work 
required to keep the facility operating as designed and constructed. Maintenance of a 
detentionlretention facility falls into two categories; scheduled and unscheduled. 
Scheduled maintenance includes those activities such as mowing, pruning! and trash 
removal. These activities can be predicted and can be performed on a regular basis. 

Unscheduled maintenance will involve the repair of facilities after storms and flooding. 
The frequency and scope of this type of maintenance cannot be predicted. Some 
examples of unscheduled maintenance are: 

1. Embankment repair to keep erosion or rock riprap or earth fill sloughing from 
weakening the dam structure. 

7.  Debris removal during and following storms 

3.  Inlet and outlet channel repairs to halt erosion and maintain hydraulic capacity. 

4. Inlet and outlet structure repair to insure that the facility will function as 
intended. 

It is important that adequate funding be provided for unscheduled maintenance such that 
repairs can be made immediately after flood or inundation dama, =e occurs. 

The following sections outline design considerations and reco~nmcndations which 
facilitate maintenance of detentionlretention facilities, 
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a ,.. >'.C . . - i ,~ . .r . . .  ri>::il?, f0.r service anti rnajnteila;;':~ '~ekicles should be maintained t i 1  allow for 
cq~!iun:er,! access !o the i'hcilily, ~vlie:!i:vc-r needed. Access: conrr~l  gates should be 
:?.ro.rjded if !.estricted access is requirrct. 

Access ramps int!, thefiiciliiy sliBllbe,graded at10 percent or less.'Turning'radii 
st~all  be 50 feet or greater. Access ramps stlall be designed for vehicle wheei 
capacities not less tt~an 12,000 ibs. 

Servlce drives and gates shall be located in readily accessibie, but 
 conspicuous, locations so as to not encourage unauthorized use. 

l>;-sign access control gates anti adjacent areas shall bc as secl:re 3s 
economically feasible. Initial expenditures for access control can save significmt 
costs jn future repairs. 

8.52' Sediment Removal 

c.?d!~cent will inevitably be deposited in the de(ention1retention facility. Con~iltlol~b will 
. . 
',2i. wori:! during years when construction activity in the watershed is greales:. 

Prov~de stilling bas~ns or fore-basin collection puints where most sediment will 
be Jcposilcd (see Section 8.7.4). 

Provide controlled vehiculav access into the facjiity for trucks wid front-enti 
loaders. 

Fl.s".:B R e ~ a i r  of Eroded Slopes 

inul~ediate repair of eroded slopes can minimize the ultilnate cost for this activity. Sm!l 
m a s  car1 be repaired by hand with on-site materials. Large eroded areas are much Inore 
difficult a id  expensive lo correct because they [nay require larger equipment and 
placement of imported material. 

Keep side slopes to ~ iuni~num percentages to reduce likelihood of erosion. 

Provide vegel:ative or il!crl. materia? cover on all slopes tu n~inimizc erosion 
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* Adequately protect slopes subject to moving water or foot traffic. Make detailed 
evaluation of anticipated conditions and design protection accordingly. lise 
collector ditches for on-site drainage at the top of siopes. 

8.5.4 Weed Control 

Weed growth can adversely affect the use, appearance, and hydraulic characteristics of 
a basln. Therefore, weed growth shall be controlled. 

Extensive use of herbicides in basins where ihe primary or secondary purpose is 
groundwater recharge is not acceptable. 

Design recommendations: 

* Plant or seed all non-paved areas in and around the basin to establish a 
vegetation cover. Weed infestation is much less likely in areas which have a 
cover of desirable plants than on disturbed or untreated areas. 

Design basins to allow all areas. including slopes, to be accessible by equipmeili 
such a5 flail mowers which can cut or remove weed growth. 

8.5.5 Maintenance of Low Flow Channels and Drainage Structures 

In-basin drainage structures and facilities must be maintained to insure their proper 
operation. Design call influence maintenance requirements. 

Design recornmendations: 

* Provide access to channels for front-end loaders and hauling equipment. Provide 
accessible areas, free of trees, to accommodate equipment movement. 

* Provide energy dissipators to prevent damage to the channel or drainage 
structures during high inflow conditions. 

Design structures so that they will not collect debris which could impact proper 
operation. 

8.5.6 Landscape  maintenance 

Some degree of plant and landscape maintenance will be required even when native, 
drought-tolerant species are planted. 
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Se!e.::t spi'cies with grr~si1.i  hits :hiit ~nlni~nizc pl.unii;g arirl :rinrning or o ~ h e r  
rnair~Le~lance reqi~i?emi;ncs. 

Specify arid use rhe largest plailts within budgetary constraints. This can 
minimizz potential damage during injtial growth seasons. 

~. 

* Space trees or piant masses for mainte~lancc and equipment access. 

8.5.7 Jrripfion System Maintenance 

M.2ail1t.enance consideratior~s of in-igstig:? sysrerns arc critics!, particuiariy wtle~i :I 
pe,cn1anznt irrigation system is installed. 

Design recomineizdations: 
,. , , ,. 

. Specify a ~ d  use equiplllent that will coiltinue to operate when "contaminated , , -  

with sand or otber suil deposition. For example, iarge sprinkler hcad orifices, 
verses drip emitters, are less likely to clog when lake or we!l water is used for 
irrigation. 

Zone and layout system lo avoid crossing channels where scour and erosion are 
Likely to occur. 

: . . . If required. increase depth of bury or encase pipelines in concrete (particularly - .*: 

mainlines) thzt cross channels that are likely to be eroded. 

Install cont~ol equipment (other than remote control valves) in areas not subject 
lo stormwater inundation. 

8.5.8 Sign. Wall. and Fence hfaintenance 

For the protection of the public. informat~onal signs and fences must be maintained and 
kept in good repair. 

Use signs that are made of aluminurn 01. other durable illaterial thal does not 
corrode or cannot be hurned. 

Secure signs to posis or standards with tamper-proof fasteners. Use posr:: or 
srandards that will not be damaged by anticipated flooding or vandalism. 
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Locate fences away Gom areas llkely Lo collect debris and act as dams to 
incoming water or water moving within the basin. 

Design fences. gates, walls, etc., to nlinilnize damage or accidental opening 
during normal area use or by flooding. 

In non-critical areas, design fences uaith an open or "clear-space" at grade to 
allow shallow water and debris to flow or blow under them. 

. . . . :  T .  , . .  . . 
* Design fences, such as backstops, with break-away or swing-away panels so 

flow is not impeded through the basin. 

8.6 Multiple-use Concepts and Aesthetic Design Guidelines 

A goal in Maricopa County is to design detentionlretention facilities as amenities and, 
where possible, to incorporate n~ultiple-use concepts. Flood control functions and other 
uses in detentiodretention facilities are generally compatible. Rationale for multiple-use 
facilities includes decreased facility costs and an increased community acceptance. 
Combining flovd storage with recreation uses or other community facilities on a single 
site decreases total costs for land acquisition and site development. The development of 
detentionlretention facilities as parks or urban green space increases the acceptance by 
area residents and encourages better overall maintenance. If appropriately designed, use 
conflict is a minor concern. 

The planning and development of facilities for multiple-use requires cooperation 
between the engineer, a qualified landscape architect, intergovernmental agencies, 
colmnunity organizations, park and recreation departments, and risk management 
agencies. 

Appropriate uses for detentiodretention facilities in Maricopa County include active and 
passive recreation, urban green space, water amenities, water harvesting, and 
groundwater recharge. Use(s) in addition to flood control should address specific 
community needs and be clearly identified before the facility is designed. 

8.6.1 Active Recreation 

Active recreation includes a wide range of organized and unstructured activities that 
involve some type of physical movement. This type of recreational activity-both 
iildividual and group-generally requires larger areas than passive recreation uses. 
Because of their slze, regional detentionlrelention facilities can provide more 
opportunities for group sports with large space requirements. Field sports (soccer, 
football, baseball) require areas with standardized dimensions. 
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Passive I-ecrcarioii generally involves uidiviciuals or small groups and a rl~inimal amount 
.af physical activity. Typically, passive recreation does not require large open spaces, 
and is, therefore. appropriate for both largr and small detentiodreteuiion facilities. 

8.6.3 Detentio11/Retention Facilities as Water Amenities 

Facilities that incorporate a permanent pool can provide physical and psychological 
;?lief from the hot desert environment. The use of a permanent pool for 
;ktentiodretention facilities is limited strictly to a visual amenity because body contact 
:~.c:ivities, such as swimnung or wading, are specifically excluded. 

8.6+4 .Urban Green Space 

Urban green space provides a visual resource within the community. As urbanization 
continues, the value of green space will increase. Green space provides visual breaks :; 

from the urban environment, acts as a filter to clean the air and can reduce erosion froin 
wind and rain. Landscape materials in a detentiontretention facility should respond to 
rhe recessed nature of the land form, the scale of the facility and the occurrence of 
frequent flooding. 

The use of native and non-native, drought-tolerant species for landscape planting is 
highly reconunended. The following basic zones should be considered in the landscape 
design for a detentiontretention facility. 

Chanuls:  These are areas where there will be flowing water. Planting in these areas 
should be limited to grasses, groundcovers and low growing shrubs, with preference 
given to vegetation with flexible branching and resilient growth habits. 

Basin Areas: There may be inundation and standing water in basin areas at some time 
during the year. Choice of plant niaterials should reflect these conditions. Trees, shrubs 
nnd grasses can be planted judiciously in these zones. 

Elevated Areas: These areas may be occasionally inundated. The choice of plant 
material will depend on the use assigned to the area. Trees, shrubs and grasses can be 
planted and more easily maintained in areas of higher ground elevation. 

8.6.5 Water harvest in^ for Reuse or Recharee 

A basic water harvesting system consists of three components: collection, storage and 
dispersion. Since stormwater detentiontretention Fdcilities will already be designed to 
collect and store runofr', some simple additions Imy allo~v harvesting the water for reuse. 
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All applicable requirements of the Health Department and the Arizona Department of 
Water Resources must be met in addition to the normal review requirements. 

When reusing stormwater for such things as on-site landscape irrigation, the facility 
must be lined by an impermeable membrane or by treating the soils to increase 
impermeability with native or imported clay or other measures. The local jurisdiction 
must be contacted regarding the acceptability of soil treatment measures in terms of the 
cffect on water quality. Grading of the surrounding site should optimize runoff to the 

,-storage facility. An evaporation control mechanism [nay !be appropriate -for a surface 
storage system. Dispersion of water is typically achieved by pumping from the pond for 
irrigation. 

A facility may be designed specifically to augment the groundwater aquifer. KO formal 
dispersion is required other than methods to maximize the potential for water to 
percolate through the subsurface to the groundwater table. Thus, the facility should be 
designed to maximize the surface contact area between the stored water and the soil. 
Potential siltation problems must be addressed by providing a settling basin at the inlet 
or by other suitable measures. 

Runoff water stored for recharge or reuse purposes does not contribute to 
detentionhetention requirements. Adequate storage ibr detentiodretention must be 
provided at all times, in addition to the volume provlded for harvesting water. 

8.7 Water Quality 

Urban runoff is distinguished from undeveloped area runoff in two principal ways: it 
occurs at greater discharge rates and volumes, and it contains varying but colnmonly 
higher concentrations of toxic substances, bacteria, and dissolved organic matter. 
Detentiodretention facilities can play a significant role in mitigating the pollution 
problems associated with urban runoff. 

8.7.2 Major Pollutants and Their Sources 

Major pollutants associated with urban runoff include the following: 

Sediment: Construction activities associated with urbanization and poor agricultural 
practices result in erosion and sedimentation. 
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.Su.speraded i\faterials: Particulate matlei- and flokiiilg ma~eriai, such as oils and scurn, 
are included as suspended material. Suspended solid concentration in urban runoff may 
be 2 to 3 times that found in domestic waste. 

Oxygen Demnrrding Materials: These include degradable organic matter a!ld certain 
nitrogen cotnpounds that consume the aviiilabic dissolved oxygen as they degrade. The 
7 .  n~ochemical oxygen demand of stormwater runoff is usually in the 20 to 30 mgll range, 
almost the same range as sewage effluent after secondary treatment. 

. ~ , , 

f'athogerzic Bacteria and Viruses: Thew include colifonn, fecal coliforrn, and fecal 
streptococci, the sane  pathogenic bacteria and viruses found in domestic sewage. 

Toxic Suhstirnces: These include heavv metals and 3 full ranee of EPA de~ignated - - 
pollutants. The EPA list contains approximately 100 primarily organic substances, such 
as TCE. 

Studies show that the areas contrihliting the greatest amounts of pollution are those with 
highly erodible surface conditions, such as plowed land or const~uction sites, or those 
areas characterized by highly impermeable surfaces, such as shopping.malls, imdustrial 

.. , areas and large housing complexes. Runoff from vehicular right-of-way (which accounts 
' for over 20 percent of some urban lands), will contain hydrocarbons, other organics, and 

:I diminishing--but still significant-amount of lead. Fertilizers and pesti:.ides are 
transpor~ed by runolf from residential and agricultural areas. 

8.7.3 _Roleof DetmtionIRetention Facilities in Water Ouality Control 

Most pollutants of concern have a high affinity for suspended solids in runoff and for 
soil particies. Thus, the most logical way to achieve pollutant removal is through 
sedimentation and infiltration. Consequently, detcntionlretention facility design for 
water quality control should maximize settling to the extent possible. This consideration 
may alter typical design features. In general, quiescent conditions and infiltration should 
be maximized while short-circuiting should be minimized. Design techniques that will 
accomnplish the,se ob.jectives are: 

* (lsing long, narrow basin configurations, i.e., length to width ratios of 2:l t o  3: 1, 
with the length measured along a line between the inlet and outlet. 

Installing inlet and outlet structures at extreme ends of the basin 

Using baffles or flow retarders. 

Consiructing ponds in two stages 

Using riser outflow structures instead of ground level pipes to maintain a 
slow-draining pool encouraging illfiltration. 
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Developing a grass cover for tile basin floor. 

* Using underground tile drains for outlet discharge to provide soil filtration of the 
runoff. 

Using wet rather than dry ponds will generally im~rove  quiescent conditions, maximize 
infiltration, and provide a degree of biological treatment. 

8.7.4 Method for Control of Sedimentation 

Sediment removal within a detentionlretention facility may be facilitated by the use of 
a "sediment trap" at the inlet, which will concentrate the majority of the incoming 
sediment bed load to a sillall portion of the facility. Sediment traps should be provided 
in conjunction with all detentioniretention facilities which are intended as multi-use 
facilities. Figure 8.10 is a conceptual sketch of a typical detention basin sediment trap. 
The following list provides guidelines for the design of efficient sediment traps. 

1 An additional sedlinentation volume should be provided within the sediment 
trap at an elevatioil below the Invert of the inflow channel. 

2. The lengthiwidth ratio of the sediment trap should be a minimum of 2: 1, with 
the length measured along a line between the inlet and outlet. 

3. The basin shape should be wedge-shaped. with the narrow end located at the 
inlet to the basin (see Figure 8.10). 

4. Provisions for total drainage and accumulated sediment removal of the sediment 
irap muyt be provided. Maintenance access should also be provided and 
designed to accommodate heavy trucks and other equipment necessary for 
removal of accumulated sediment. 

8.8 Flood Routing 

8.8.1 Flood Routing? 
Method 

Characteristically, the storage of a reservoir is closely relaled to its outflow rate. In 
reservoir routing methods, the storage-discharge relation is used for repeatedly solving 
the continuity equation; each solution is a step delineating the outflow hydrograph. 
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Figure 8.10 
Sediment Trap Concept 

(Pims County L>cpmmcnt oiTr;tnspunutian and I'lood Contm! Disu t t )  
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Nunlerous computer software programs (such as HEC-1) have been developed for 
flood routing through detention/rctention facilities. Use of a particular computer 
program should be approved by the appropriate jurisdictional agency prior to its 
application on a particular project. 

. . .  The  continuity equation~..use& i n  .-reservoir routing: ,methods -is concerned with 
conservation of mass: for a given time interval, the volume of inflow minus the volume 
of outflow equals the change in volume of storage. The continuity equation for a 
reservoir is: 

If the time is broken into intervals of duration and indexed by j,  Equation 8.2 can be 
rewritten for the change in storage over the interval: 

The values of I, and I,,, are obtained from an inflow hydrograph. The values of 0, and 
S. are obtained at the jth time interval from calculation during the previous time interval. 
dquation 8.4 results from multiplying Equation 8.3 through by 2/At and by isolating the 
unknowns Oj+, and Si+,: 

Equation 8.4 can be used to facilitate the storage-outflow function solution in tabular 
form (see sample problem, Section 8.8.2). In order to calculate the outflow (O,,,) from 
Equation 8.4: a storage outflow function relating 2SlAt + O and O is needed. The 
method for developing this relationship using elevation-storage and elevation.-outflow 
data is shown in Figure 8.1 1. 
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Figure 8.11 
Development of the Storage-Outflow Function for Level Pool Routing 

on the Basis of Storage-Elevation and Elevation-Outflow Curves 
(From Appl~ed Hydrology, Chow er dl 1988) 

Tile iol lowin stcps are used in the Storage-Indication Method of flood-routing: 

1. Develop the inflow hydrograph (refer to the Drairiage Design Marluai for 
Maricopn Coun~y,  V o i ~ ~ m e  I, ifydroiogv, FCD). 

2. Dc\'eloa a elevation-slorage relationship (Figure 8.1 la) for the structure. The 
storage will normally be developed in acre-feet which will then be converted to 
cubic feet in the working table (see Table 8.33. 

3. Develop a elevation-discharge relationship (Figure 8.1 lb) for the structure from 
hydraulic cqoations relating head and discharge for various types of spillways 
and ourlet works. Table 8.2 includes equations that can be used. For a disc~lssion 
on the values of C, C,, and C,, see Design of Snlull Dams (ESBR 19873. 
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4. Select the routing interval, At, The shorter the interval selected. the more precise 
the results will be. 

5 Using the results of steps 2 and 3, make a four-column table with the following 
headings: (1) Elevation H, ft; (2) Storage S. ft'; (3) Discharge 0 ,  cfs; and (4) 2S/ 
At + 0. For an example, see Table 8.5. 

6 .  Plot the value of 2SIAt + 0 on the horizontal axis of a graph with the value of 
the outflow;@: onthe,ver&ical axis (see Figure 8:Il.c). Figure 8.12, page 8-47, 
represents such a graph. 

7. Compute the value of (2Si+, / At) + Oj+, using Equation 8.4. All of the terms on 
the right side of Equation 8.4 are known for time interval j. Obtain the values of 
I, and I,,, from the inflow hydrograph (Step I), as is done in Table 8.6. 

8. Determine the corresponding value of O,,, to (2S,+, / At) 4- O,,, from the 
storage-outflow relationship (2s / At) + 0 versus 0 (Figure 8.12). This can be 
done by either using the plot of step 6 or by linear Interpolation of tabuiar values 
from step 5. 

9. Calculate the value of (2S,+, / At) - O,,, to set up the data required ior the next 
timc interval by: 

10. Repeat the computation ior subsequent routing periods and plot lhe inflow and 
outflow hydrographs. See Figure 8.13. 

Steps 7. 8, and 9 are demonstrated in Table 8.6 With the exception of Step 8. all of 
these steps can be easily performed by using a spreadsheet. 
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Table 8.2 
Spiliway Discharge Equations 

(from. ,\pplied Hydrolag::, C:how et ;ll lY8Q 

I vquation 1 Spillway Type I C Notation 
r- 

0 = Discharge, cfs 
C = Discharge Coefficient"' 
L = Effective length of c r s ~ r  
H = Total head on the crest incluciin!: 

vrlocity approacll head 

i I Broad-ciested weir I 
O = Discbarge. cfs 
C, = Discharge coefficient"' 
L = Effective length of crest 
H = Total head on the crest inclr?ding 

vclocity of approach head 

C = rjischarge, cfs 
C, = Discharge coefficient!" 
A = Cross-sectional area 
g = Acceleration d u e  to giavlty, 32.2 !i!s2 

I 

(:I) C valne for ogee crest vrxies from 3.i  lo 3.9 depending upon the head, the depth of approach. thc 
slope of the upstrearn facz, and the conilguratior~ of th t  iiownstrearr~ q;;n;!. 

(2) C,, value for broad-crested weir varies from 7.3 to 3.3 depend~ng upon the head, Li!e bceadtn uf chr 
weir crest, and the shape of the upstream cornei. 

( 3 )  C,! value for a cnlverl varies from 0.2 to 0.9 deperlding upon the head, pipe s~z!:, pipe length. 
rnaterial of the pipe, and the shape of the irllet edye. 

--- -- -.. 
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8.8.2 Flood R d i n g  Sarnplcfiohieu~ 

A detention basin is proposed. Deieni-ine !he peak outflow discharge and the peak water 
surface clevat.i.on in the basin, 

\ 
'\ - .. 2 .. 

,. - -  . ,  .. ; 0,; - -;\'i~ei o u t f ~ c w  
,\ 1:' 

p2 C j l v e r t  o u t f l o w  
i--' 

Given: 

1. Inflow Hydrograph (plott~d on Figure 8.13). 

Time, hrs Inflow. cfs 

0.00 0 

0.25 10 

0.50 25 

0.75 50 

1.00 100 

1.25 220 

1 .SO 610 

1.75 450 

Time, hrs Inflow, cfs 

2.00 250 

2.25 160 

2.50 110 

2.75 70 

3.00 40 

3.25 20 

3.50 10 
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2. SI,:I~C-Sujface Area Relationship. 

-. . Elevation, ft - .- - -. Surface Area, Acres 

1100 4.6 

1100.5 4.8 

110! 5.2 

1101.5 5.4 

1102 5.6 

1103 5.8 

1104 6.2 

1105 6.6 

1106 7.0 

1107 7.5 

i Outllow Structures 

a. Pr~ncipd Spillway. ogce crest 

Discharge coefficient = 3.5 
Width of welr = 20 ft 
Elevation of wcir crest = 1104 f 

b. Low Flow Structure, culverl (corrugated mctal pipe) 

Discharge coefficient = 0.5 
Diameter = 15 inches = 1.25 ft 
Elevation of culvcrt inlct = 1100 ft 
Elevalion of culvert center .r 11 00.63 ft (used to determine H,) 

- - - -- 
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Step I .  An inflow l~ydrograpii f ~ r  this sample problem is given, so the solution 
procedure begins with Step 2. However, for a practical problem, the 
inflow hydrograph nerds to be developed for Step 1. 

Step 2 .  Develop a Water Surface Elevation-Storage Relationship, as in Table 8.3. 

Table 8.3 
Water Surface Elevation-Storage Relationship 

Snrface 
Area, 

Elevation Acrcs 

Average 1)ifierence 
Surface in Interval 
Area, Elevation, Storage Storage, 
Acres ft Acre-ft Acre-ft 

-- -- 

0 

Storage, 
ft3 
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Stcp 3. Etvelop :I \Varer Surface Ele~atio!i-I7isch:1rge Relationship, as in Table 8.4 

'%'cir F!sw 

0, C,LH,  = ( J . ~ ) ( ~ O ~ H : ~ ~  

CLIIV,~I  Flow 

Total 33urt!nw 

0 = o,+02 

'Table 8.4 
Water Surface Elevation-Discharge Relationship 

-- 
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Step 4. At = 0.25 brs = 900 secot~ds 

Step 5. Develop a Storage-Dulflow Relationship for a detention reselvolr, as in 
Table 8 5 

Table 8.5 
Storage-Outfall Relationship 

for a Detention Reservoir 

Elevation H, ft 1 Storage S, ft' 1 Discharge 0, cfs 

1100.0 0 0 

(2Slht) + 0, cfs 

0 
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, S t  6, 2SIA.t + 0 on ihe horizontal nxls c ~ f  a graph with the val~le of !he outtlow C) 
ctrr !he veflical axis. See Figure 6.12 

Figure 8.12 
Storage-Outflow Function for Sample Problem 
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Steps 7 through 9: 

Table 8.6 
Routing of Flow through Detentiot~ Basin 

Time, Inflow, Ij?Ii+, (2SjlAt)-Oj (ZSj+l/At)+Oj+l Outflow, 1 hrs cfs cfs cfs cfs cfs I 

0.00 i 0 -,,/ 0 \ S t e p 7  
- Step 8 + -2 

0.25 - 10 -=- I0 -1 10 ---. 0 . 
A-.- - - 1 

0.53 25 35 45 45 Step 9 0 
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730 

I inflow 

lime, hrs. 

Figure 8.13 
Comparison of Inflow and Outflow Hydrographs 

Pexk Outflov~ Discharge: Ope,, = 149 cfs (fromTable 8.6). 

Peak Water Suriace Elevation: By Linear interpolation of values in Table 8.5 and using 

O,,,,. 

The shaded x c a  in Figure 8.13 is ihe required storage voliiine capacity for the detention 
basin. 
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Pump Stations 

9.1 Introduction 

Stormwater pump stations are used where gravity discharge is not feasible or  for 
metering flow out of detentiodretention facilities. When used independently of a - 
detentiodretention facility, storage should be incorporated into pump station facilities 
to reduce pump cycling and hence the initial capital and long-term operational costs of 
the pump station. 

The actual design of pump stations involves several technical disciplines, and the 
approach to the design is often dependent on the size of the facility and the 
consequences of any type of system failure. A pumping facility failure serving a major 
interchange and adjacent major development causing millions of dollars of damages 
demands greater reliability than a small pumping facility that drains a retention pond 
with a 36-hour disposal time and overflows result in small increases in water depth of 
an adjacent street. This chapter provides only an overview of the conditions that should 
be considered in the design of stomwater pumping facilities. 

Stormwater pump stations may be either dry pit or wet pit facilities. In the latter type of 
facility, the pumps are submersible and are located in a wet well. In the former type, 
centrifugal pumps are located in a dry pump room and generally use a wet well lo 
modulate the incoming flows (a form of storage). For small pump stations, the pump 
may be located in an inlet or a manhole-type wet well. 

For a rigorous discussion of the design of stormwater pump stations, refer to Manual for 
Highway Stormwater Punlping Stations (FHWA, 1982). 
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9.2 Design Amroach 

The design approach addresses two condit~ons, [he criteria that are to be applied and a 
check list of conditions that should be considered in the design of pumping facilities (see 
Table 9.1). 

Criteria: The use of pumping facilities for stormwater is discouraged and will be 
considered only on express agreement by the jurisdictional agency. Unless exempted by 
the jurisdictional agency, the following criteria should be applied to the design of 
stormwater pump stations: 

I .  Pumping facilities (excluding components whose design requires submersion) 
will be set at an elevation at or above the anticipated level of the 100-year event, 
considering that a total power failure may occur. 

2. Pumps shall be capable of handling solids up to a minimum of 3-inches. 
Consideration for handling smaller solids can be made for pumping facilities 
that serve storage facilities. 

3. Screening devices will not be used at the entrances to the pump stations. Grates 
will be used on each catch basin. 

4. Required calculations include: a) total dynamic head; b) net positive suction 
head; c) head capacity curves (parallel operation); and d) mass flow curves. 

5. Controls will provide for automatic and manual operations and will have 
communicatioils to permit transmission of failure signals to designated reporting 
locations. 

6 .  A potable water supply with back-flow prevention and hose bibs should be 
provided to aid in removal of silt and trash. 

7. A ventilation system will provide intermittent ventilation of wet-wells 

8. Plugging factors will be used on inlets of pipe systems that are tributary to pump 
stations. 

9. Facilities not associated with retention facilities will provide storage to the 
maximum practical extent to aid in efficient operation of the system. 

10. A redundant pumping system may be required, particularly at small installations. 

11. The site layout shall consider adequate access for maintenance vehicles. 

12. Generally, stormwater pump stations should not he privately maintained. 
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Pump Stations 

'I'able 9.1 
Design Checklist for Pump Stations 

1 Initial Data 

Contr~but~ng Dramage Basln 

Locauon of Outfall 

1 Canacitv of Outfall I 
Prohable Growth in the Contr~bating Bas~n 

Inflow Hydrographs 

Possible Comoonents 

1 Source of Power I 

Debris Handlino 

1 Potable Water S u ~ ~ l v  1 
Testin2 

Hoisting Equipment 

1 Ventilation 1 
1 Control of Hazardous Materials 1 
1 Hydrology 1 
I Economic and Alternative Analysis I 

Desig~iat io~~ of Significantly Different Concepts 

Hydrologic and Hydraulic Detailing of Alternatives 

1 Cost Evaluation I 
I 
I Extreme Event Evaluation of Comnonents and Alternatives I 

Environmental Considerntions 

Documentation and Comprehensive Evaluation 

Hvdraulic Analvsis 

I Mass Curve Routing I 
I Pumn Characteristics i 

Pipe Losses 

Miscellaneous Losses 
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Glossarv 

112 PMF: The fluod hydrograph with ordinates equal to one-half the corresponding 
ordinates of the Probable Maximum FloodHydrograph. 

100-Year Flood: A flood slage or height that, statistically. has one percent chance of being 
equaled or exceeded in any given year. The 100-year flood is often referred to as the base 
flood. 

Abutments: Walls supporting the end of a bridge or span, and sustaining the pressure of the 
abutting earth. In a drop structure, the walls which form the sides of the crest of the drop. In 
some structures, wingwalls (transition walls) extend upstream of the abutment walls to create 
a smooth transition from the upstream channel. 

Aggradation: A progressive buildup or raising of the channel bed due to sediment 
deposition. Permanent or continuous aggradation is an indicator that a change in the stream's 
discharge and sediment load characteristics is taking place, see Degradation. 

Alluvium: llnconsolidated material deposited by a stream in a channel: floodplain: alluvial 
fan, or delta. 

Armor: Surfacing of channel bed, banks, or embankment slope to resist erosion. 

Armoring: (a) Natural process whereby an erosion-resistant layer of relatively large 
particles is formed on a streambank due to the removal of finer particles by streamflow. (b) 
Placement of a covering on a streambank to prevent erosion. 

Arterial Street System: The arterial system should carry a major portion of trips entering 
and leaving the urban area, as well as the majority of movements through the central city. 
Frequently, the arterial system will cany important intra-urban as well as intercity bus routes. 
Arterials are typically located on one-mile intervals on section lines. 

Baffle Chute: A type of drop structure or outlet structure that incorporates baffles for 
energy dissipation. 

Baffles: Deflector vanes, blocks. guides, grids, gratings or similar devices constructed to: 
1) check or effect a more uniform distribution of velocities: 2) dissipate energy; 3) divert, 
guide, or agitate flow; and 4) check eddy currents. 

Basin Area: The area which contributes stormwater to a concentration point such as a lake, 
stream, or drainage system. See Watershed. 
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Basin Floor: 'The bottom of a stormwater retention facility which has been specifically 
designed for the purpose of disposing stored miloff following a storm event by the process 
of infiltration into the subsurface. 

Basin Sediment Yield: The total sediment outflow from a watershed or a drainage area at 
a point or reference and in a specified time period. This outflow is equal to the sediment 
discharge from the drainage area. . . , .  ~ 

Bed Material: Material found on the bed of a stream (may be transported as bed load or in 
suspension). 

Bed Sediment Discharge: The part of the total sediment discharge that is composed of 
grain sizes found in the bed and is equal to the transport capability of the flow. 

Braided Stream: A stream whose flow is divided at normal stage by small mid-channel 
bars or small islands; the individual width of bars and islands is less than about three times 
the water width; a braided stream has the aspect of a single large channel within which are 
subordinate channels. 

Bridge Low-chord: The elevation of the lowest portion of the bridge deck structure used 
in determining the area of the bridge opening available for flow conveyance. 

Catch Basin: A chamber or well, usually built at the curb line of a street. for the admission 
of surface water to a storm sewer or sub-drain. 

Channel Failure: Sudden collapse of a channel due to an unstable condition, such as the 
removal of a bank by scour. 

Channel Reach: A segment of stream length that is arbitrarily bounded for purposes of 
study. 

Channel Stabilization: Methods of achieving slope and cross-section which allow a 
channel to transport the water and sediment delivered from the upstream watershed without 
aggradation or streambank erosion. 

Check Dam: A low dam or weir across a channe1,for the diversion of irrigation. Also used 
herein for a low dam to control stream gradient, typically associated with small streams or 
the low flow channel of a floodplain or other channel. 

Check Structure: A small drop structure constructed in the low flow portion of a channel 
for the purpose of controlling stream gradient. 

Clear Zone: The roadside border area: starting at the edge of the traveled way, available for 
safe use by errant vehicles. 
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h:laar.vater Scour: Scour which occurs when tliere is no nlovement of the. bed material of 
rile stream upstream of the crossing, but occurs as a result of acceleration of the fiow and 
vo~ticer, created by piers or abutments causing material at their base to move. 

Collector Street System: Collector streets may penetrate neighborhoods and may c2rry a 
minor amount of through traffic. 

Cont~action Scour: General scour resulting from the accelerafion of flow due to a natoral 
ct~mnel constr~ction or brldge contraction. 

Crest: That portion of the drop structure which controls the gradient of the upstream 
channel. In a vertical drop structure the crest is a wall typically constructed of reinforced 
concrete or sheet pile. In a sloping drop structure, the crest is the portion of the drop at the 
inp of the slope and usually incorporates a buried cutoff wall for seepage control. 

Critical Depth: The depth at which a given discharge flows in a given channel with a 
n~inimum specific energy. For depths greater and lower than critical, the flow is said to be 
svbcrit~cal and supercritical, respectively. 

Critical Flow: Flow at critical depth. 

Culvert: A hydraulically short conduit which conveys surface water runoff through a 
roadway embankment or through some other type of flow obstruction. Culverts are 
constructed irom a variety of materials and are available in many different shapes and ~. 

configurations. Culvert selection factors include roadway profiles, channel characteristics, 
flood damage evaluations, construction and maintenance costs, and estimates of service life. 

Degradation: A progressive lowering of the channel bed due to scour. Permanent or 
continuing degradation is an indicator that a change in the stream's discharge and sediment 
load characteristics is taking place, see Aggradation. 

Design Discharge: Maximum flow a structure or channel is expected to acco~nmodate 
without contradicCing the adopted design constraints. 

Detention Basin: A basin or reservoir where water is stored for regulating a flood. It has 
gravity-flow outlets for outflows during floods. 

Design Frequency: The nth-year storm for which it is expected that the structure or facility 
designed for that storm would experience an actual hydrological event of a given or greater 
magnitude, once. on average: inn years. For example, a 50-year storm has a 2 percent chance 
of occurring in any given year. Also called the return period, excedence interval, or 
recurrence interval. 

Discharge: Volume of water passing through a channel during a given time. 
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Drainage Basin: A geographical area which contributes surface runoff to a particular 
concentration point. The terms "drainage basin", "tributary area" and "watershed" are used 
interchangeably. 

Drainageway: A route or watercourse along which storm runoff moves, or may move, to 
drain a catchment area. 

Drop Structure: A structure constructed m a conduit, cmal, or open channel for thc 
purpose of gradlcnt (bottom slope) control. 

Dry Well: An engineered subsurface chamber designed to accept surface runoff and allow 
it to drain into the subsurface strata. 

Embankment: A man-made earth fill structure constructed for the purpose of impounding 
water. 

Emergency Spillway: An outflow spillway from a stormwater detentiodretention facility 
that provides for the safe overflow of floodwaters for storm events in excess of the design 
capacity of the Primary Outlet Structure, or in the event of malfunction or debris blockage 
of the Primary Outlet Structure. 

Energy Grade Line (EGL): An inclined line representing the total energy of the flowing 
water. For an open channel. the EGL is above the water surface by a value of the velocity 
head. In a closed pressure conduit, the EGL is above the pressure head line by a value of 
the velocity head. See Hydraulic Grade Line and Figure 3.3. 

Equilibrium: The state of balance of natural channels between hydraulic forces or actions. 
Equilibrium occurs when the streambed has achieved a graded condit~on when the slope and 
energy of the stream are just sufficient to transport material delivered to it. Natural channels 
which have small changes resulting from periods of low and high flows are considered in 
equilibrium. 

Erosion: Displacement of soil particles on the land surface due to water or wind action 

Filter: Layer of fabric. sand, gravel, or graded rock placed (or developed naturally where 
suitable in-place materials exist), between the bank revetment and soil for one or more of 
three purposes: 1) to prevent the soil from moving through the revetment by piping, 
extrusion, or erosion; 2) to prevent the revetment from sinking into the soil; and 3) to permit 
natural seepage from the streambank, thus preventing buildup of excessive hydrostatic 
pressure. 

Filter Blanket: A layer of graded, intermediate-size gravel placed between fine-grained 
material and riprap, to prevent wash-out of the finer material. 

Filter Fabric: Fabric of synthetic strands that serves the same purpose as granular filter 
blanket. 
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Fine Sediment Load (,or Washload): That pu t  of tne totai sediment load that is cornposed 
of particle sizes finer than those represented in the bed. Nor~nally, the fine-sediment load is 
finer than 0.06'2 inrn for a sand-bet1 channel. Silt, clay, and sand could be considered fine 
sediment load in a coarse gravel an.nd cobhle bed d~annel.  The washioad generally comes 
from the watershed 

Flood Fringe: A regi~latonj diaf:ict within the floodplain but outside the floodway district. 

Flood Peak The largea vahe of the runoff flow which occurs during a flood event, as 
observed at a part~cula~ point In the drarnage basin. 

Flood Routing: 'The ma:hematical sirnulalion of a flood wave as it moves downstream 
along a watercourse or through a detentionlreiention facility. 

Floodplain: A flood-prone arca of land 2djoining (J I  tioar the channel of a watercourse 
which have been, or may be, covered by floodwaters. k floodplain functions as a temporary 
channel or reservoir for overbank flows. 

Floodway: A specific regulatory djshict within the floodplain as identified on FEMA flood 
hazard boundary maps; or the channel of a rlver or other watercourse and the adjacent land 
area necessary to discharge the 100-year flood without cumulatively Increasing the water 
surface by more than one foot and without creating hazardous velocities of floodwaters. 

Freeboard: The vertical distance above a design water surface elevation that is provided 
as a contingency or allowance for waves, surges, water-borne debris or other factors. 

Froude Number: A dimensionless number (expressed as ~ l ( g ~ ) " ' )  that represen-ts the ratio 
of inertial to gravitational forces. High Froude numbers (values greater than 1) indicate 
supercritical flow with associated high velocity and scour potential. 

Gabion or Wire-Enclosed Basket: A basket or compartmented rectangular container made 
of steel wire mesh. When filled with cobbles or rock of suitable size: the gabion becomes a 
flexible and permeable block with which flow-control structures can be built. 

General Scour: Scour in a channel or on a floodplain that is not localized at a pier, 
abutment, or other obstruction to flow. In a channel, general scour usually affects all or most 
of the channel width. 

Geomorphology: That branch of both physiography and geology that deals with ihe form 
of the earth, the general configuration of its surface, and the changes that take place due to 
erosion of the primary elements and in the buildup of erosic;nal debris. 

Grade Control Structure (sill, check dam): A structure across a stream channel placed 
bank to bank (usually with its central axis perpendicular to flow) to control bed slope and 
prevent scour or headcutting. 
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Gradient: The rate of change of a characteristic per unit of length. The lerm is usually 
applied to such things as cilailnelistream bed slope elevation. conduit invert elevation, 
velocity, pressure, etc. 

Guide Bank: A dike extending upstream from the approach embankment at either or both 
sides of the bridge opening to direct the flow through the opening. Some guide banks extend 
downstream from the bridge. 

Gunite: Term formerly used for dry-mix nloilar shotcrete 

Headcutting: Channel bottom erosion moving upstream along a waterway indicating that 
a readjustment of the channel's slope and its dischme and sediment load characteristics is - 
taking place. Headcutting is evidenced by the presence of abrupt vertical drops in the stream 
bottom or rapidly moving water through an otherwise placid stream. Headcutting often 
leaves stream banks in an unstable condition as it progresses along the channel. 

Hydraulic Grade Line (HGL): For an open channel, it is coincident with the water surface. 
In a closed pressure conduit, it is the line representing the pressure head of the conduit. HGL 
will always be EGL minus the velocity head. See Energy Grade Line and Figure 4.4. 

Hydraulic Jump: The hydraulic jump is an abrupt rise in the water surface which occurs 
in an open channel when water flowing at supercritical velocity is retarded by water flowing 
at subcritical velocity or a stationary pool. The transition through the jump results in a 
marked change in energy, evidenced by turbulence of the flow within the area of the jump. 
The hydraulic jump is often used as a means of energy dissipation. 

Hydraulic Structures: The facilities used to impound, accommodate, convey or control the 
flow of water, such as dams, weirs, intakes, culverls. channels, and bridges. 

Hydrograph: The functional relationship between time and flow discharge, as observed at 
a particular point within a drainage basin. In the case of a detentionlretention facility, an 
Inflow Hydrograph depicts the relationship of time and runoff inflow to the facility: and an 
Outflow Hydrograph is a graph of flow discharge from the facility versus time. 

Impervious: A term applied to a material through which water cannot pass, or through 
which water passes with great difficulty. 

Incised Stream: A stream that flows in an incised channel with high banks. Stream banks 
that stand more than 15 feet above the water surfdcc at normal stage are regarded as high 
banks. 

Id~ltration: The movement of water into and through the soil. 

Invert: The lowest point in the channel cross section or at flow control devices such as drop 
structures, dams. or outlet structures. see Thalweg. 
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Jurisdiction or Jurisdictional Agency: Maricopa County, the Flood Control District of 
Maricopa County, and the incorporated municipalities within Maricopa County. 

Lateral Stream Migration: Change in position of a channel by lateral erosion of one bark 
and simultaneous accretion of the opposite bank. Movement in which the material has a 
dominate lateral component. 

Launching: Release of undercut material (stone riprap, rubble, slag, etc.) downslope; if 
sufficient material accumulates on the streambank face, the slope can become effectively 
armored. 

I.ive-bed Scour: Scour which occurs when the bed material upstream of the crossing is also 
moving. 

Local Aggradation: Aggradation in a channel or on a floodplain that is localized at a pier, 
abutment, or other obstruction to flow. 

Local Scour: Scour in a channel or on a floodplain (hat is localized at a pier, abutment, or 
other obstruction to flow. 

Local Street System: The local street system comprises all facilities not on one of the 
higher systems. It offers the lowest level of mobility and usually contains no bus routes. 
Service to through traffic movement usually is deliberately discouraged. 

, . 

Low Flow Channel: A channel within a larger channel which typically carries low and/or 
normal flows. 

Major drains: Include natural and man-made channels and conduits that serve watershed 
areas from 160 acres to about 10 square miles. 

Master Planning: A "systems" approach to the planning of facilities, programs and 
management organizations for comprehensive control and use of stomwater within a defined 
geographical area or drainage basin. 

Meandering Channel: A channel exhibiting a characteristic process of bank erosion and 
point bar deposition associated with systematically shifting meanders. 

Median Diameter: The particle diameter at the 50 percentile point on a size distribution 
curve such that half of the particles (by weight for samples of sand. silt or clay and by actual 
measurement for samples of gravel and riprap) are larger and half are smaller. The median 
diameter is denoted D,,. 

M i o r  drains: Serve watershed areas up lo 160 acres and are normally the drains associated 
w ~ t h  subdivision development. 
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Multi-purpose Facility: A detention or retention facility that provides benefits in addition 
to the primary function of flood control. Such benefits may include recreation, parking, 
visual buffers or water harvesting. 

Nappe: The sheet or curtain of water overflowing a weir or dam. When freely overflowing 
the crest of a structure: it usually has a well-defined upper and lower surface. 

Off:stream*Detention/R-etention ,Facility: Afacility that is IocatecTnear oradjacent to a 
watercourse (i.e., the stream does not flow directly into the facility). Inflow to the facility is 
typically accomplishcd by means of side weirs. It is also referred to as an Off-line 
DetentionIRetention Facility. 

On-site DetentionJRetention: The temporary storage of excess storm runoff in the upper 
area of a drainage bayin. This type of facility is typically within a subdivision, primarily by 
an individual development and generally irrespective of watershed features. 

On-stream Detentiofletention Facility: A facility that is located within the path of a 
stream or watercourse, and thcreby intercepts the entire flow from the upstream drainage 
basin. It is also referred to as an On-line DetentionIRetention Facility. 

Orifice: A hole in the outlet structure of a stormwater storage facility sized to drain the 
, facility at a specific rate of flow. 

Outlet Structure: A hydraulic structure placed at the outlet of a conduit, open channel, 
spillway, etc., for the purpose of dissipating energy and providing a transition to the channel 
or conduit downstream. Outlet structures may conslst of culverts, weirs, orifices (gated or 
un-gated), dry wells, or any combination thereof. 

Plunge Pool: An energy dissipation device placed downstream of a conduit, channel or 
vertical wall drop structure. The plunge pool basin is typically lined with rock riprap, 
concrete or other protective covering and dissipates the energy of free falling water through 
impact and turbulence. 

Pressure Head: In a closed pressure conduit, it represents the energy per unit weight stored 
in the fluid by virtue of the fluid being under pressure expressed as Ply. Generally having 
the units of feet. In an open channel, the pressure head is zero. 

Primary Outlet Structure: Also known as the Prinrary Spillway or Principal Spillway, it 
is the main outlet structure by which stormwater is discharged from the detentionlretention 
facility. 

Probable Maximum Flood (PMF): The flood runoff that may he expected from the most 
?evere combination of critical l~leteorologic and hydrologic conditions that are reasonably 
possible in the region. 
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Pu111p Station: A faciiity housing storinwater pumps, controis, power plants and their 
appurtenances. 

Regional Deten~ionlRekntian: The tcmporaly storage of excess runoff by means of large 
storage facilities located at strategic sites within a drainage basin. Sites are generally planned 
to provide control of excess runoff frorn an en:ire drainage basin with an optimum 
(presumably a minimum) number of storage facilities :o achieve the most cost-effective 
drainage system. Regionz~l detcntionlretention sites are nom~ally maintained by a public or 
quasi-public agency. 

Regional drains: The main outfalls for dranagc. They serve watershed areas generally 
greater than 10 square miles, and include rivers and washes. 

Residual Freeboard: For an embankment dam, the vertical distance between the maximum 
water surface elevation and the minimum dam crest elevation. 

Retention Basin: A basin or reservoir wl~crein water is stored for regulating a flood, 
however, it does not have gravity-flow outlets for outflows during floods as detention basins 
do. The stored water must be disposed by some other means such as by infiltration into soil, 
evaporation, injection (or dry) wells: or pumping systems. 

Reverse Filter Drain: An engineered granular filter placed at weep hole locations on 
hydraulic structures to collect and direct groundwater to the weep holes to relieve uplift 
pressures and other adversc effects of uncontrolied seepage water. 

Riprap Toe Protection: In the restricted sense, layer or facing or broken rock or concrete 
dumped or placed at the toe of a channel to protect a structure or embankment from erosion; 
also the broken rock or concrete suitable for such use. Riprap has also been applied to almost 
all kinds of armor, incluhng wire-enclosed riprap, grouted riprap, sacked concrete. and 
concrete slabs. 

Runoff: The portion of precipitation on land that ultimately reaches streams; especially 
water from rain or melted snow that flows over the ground surface. 

Scour: Erosion due to flowing water. usually considered as being localized as opposed to 
gcneral bed degradation. 

Sediment (or Fluvial Sediment): Fragmental material transporled, suspended, or deposited 
by water. 

Sediment Discharge: The quantity of sedirnmt that is carried past any cross section of a 
stream in a unit of time. Discharge may be limited to certain sizes of sediment or to a specific 
part of the cross section. 

Sediment Trap: An area within a stormwater detentionlretention facility which is designed 
to trap the majority of incoming sediments for the purpose of facilitating maintenance. 
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Seepage: The niovenlent of usater through pores and voids of pervious material such as  soil, 
gravel, synthetic filter media, etc. 

Seepage Cutoff Wall: An impervious subsurface barrier constructed of clay, concrete or 
synthetic material for the pulpose of increasing the length of travel of subsurface water flow 
and thereby reducing andlor controlling the action of such flows (for example, uplift forces) 
at hydraulic structures. 

Shotcrete: Mortar or concrete pneumatically projected at high velocities onto a surface. 

Sill: A raised edge at the downstream end of a stilling basin. The s ~ l l  typically has a notch 
or opening to allow normal stream flows to pass through andlor to allow the basin to drain 
complctely following a storm. 

Slope Paving: Covering of a channel bank or bed with stones or concrete. 

Soil-Cemenl: A designed mixture of soil and portland cement compacted at a proper water 
content to form a veneer or structure which when placed on a streambed or bank can prevent 
erosion. Also referred to as Cement Stabilized Alluvium. 

Spillthrough Abutment: A bridge abutment having a fill slope on the streamward side. 

Spillway: (a) A low-level passage serving a dam or reservoir through which surplus water 
may be discharged; usually all open ditch around the end of a dam, or a gateway or a pipe 
in a dam. (b) An outlet pipe, flume, or channel serving to discharge water from a ditch, ditch 
check, gutter or embankment protector. 

Stage: The depth of water within a stormwater storage facility, as measured above an 
established datum. 

Storage Reservoir of Pump Station: A reservoir wherein peak flows from storm drains are 
stored for reducing capacity requirements of ihe pump station to pump runoff to an 
appropriate outlet. 

Storm Drainage System: A drainage system for collecting runoff of stormwater on 
highways and removing it to appropriate outlets. The system includes inlets, catch basins, 
storm sewers. main drains, storage reservoirs, detention basins and pump stations. 

Stormwater Detention Facility: A stormwater storage facility which temporarily stores 
surface runoff and releases it at a controlled rate tluough a positive outlet. 

Stormwater Retention Facility: A stormwater storage facility which stores surface runoff. 
Stored water is infiltrated into the subsurface or released to the downstream drainage system 
or watercourse (via a gravity outlet or pump) after the storm event. 
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Streaar~haralr "rosion: Removal of soil pz.iticlec k o ~ n  a bank s~rrface due 7ri:narily to w;:Ler 
action. Otliex fiictc~rs such as weatberir;?,, ice and deh~is  abrasion, chen~ical reactions, and 
!-!XI (use changes niay also directly or indirectly iead lo str,:amt)nnk crosion. 

SBI-ewibank Protection: Any tcchniquc r~sed to prevent erosion or failure o!a st!-<;ar!bar~k. 

Subdrain: An underground conduit, ~ ~ i l a l l y  perforated and surrounded by an engineered 
granular filter material that is designed to permit infiltration for rhe pulgose of collecting and 
conveying groundwater. 

Subgrade Erosion: Erosion of the materi::l underlying that portion of tile stream bed which 
is subject to direct action of the flow. 

Subsurface Disposal: Drainage of stormwater runoff inro ihe subsurf~~ce by the process of 
ii~filWdtion. This is typically accon:plished through the use o t  dry we!ls, cngincer?d basin 
floors, rtc. 

Tailwater: The water surface elevatioi~ in the cha:lnel downstrcairi of a hydsaulic structure. 
...,, 
, . 

'Xhalweg: The line extending down a channel that follows Lhe lowest e1::vation of the bed, 
see invert. Not to be confused with the channels's centeriine. 

. , 

Total Freeboard: For an embankment dam, the vertical distance betweeo the enJel.gency 
, . spillway crest and the minimum crest elevation of the dam. 

, ,  . Tciial Sediment Discharge: The s u n  of suspended sediment discharge and bedload 
discharge or the sum of bed material discharge and washload discharge of a stream. 

Transport Rate: Rate at which sediment particles are carried when hydri~ulic conditions 
exceed the critical condition for motion. Transport rates are calculated analytically hy the use 
of transport functions. 

Trash Rack: A metal bar 01. grate structure designed to prevent blockage of the structure 
by waler-borne debris. 

'Trickle Channel: Also called the low flow channei, the trickle channel is that portion nf a. 
major channel which is sized to carry the noimal low flow. 

Underdrain: See Subdrain 

IJniform Flow: Flow of constant water are:+, depth, discharge, ?ad average velacity thrcugh 
x reach of d channel. 

1.lplift Pressure: l'rcssure caused by uilcontro!led seepage or groundwater f lov~ hcneatb a 
stmctural slab which can lead to cracking and displacen~ent of the structure. 
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Velocity Head: Represents the klnetic energy of the flowing fluid generally expressed as 
v2/2g in feet. but actually is the energy per pound of flowing fluid. 

Vortex: Local current accelerations which cause a whirling or circular motion that tends to 
form a cavity or vacuum at its center, thus moving sediment toward the cavity. 

Waters of the U.S.: All waters which are currently used, were used In the past, or may be 
susceptible to use in interstate or foreign commerce, including all waters which are subject 
to the ebb and flow of the tide. 

Watershed: An area confined by drainage divides, often having only one outlet for 
discharge. See Basin Area. 

Weep Hole: Openings in an impermeable wall or revetment to relieve the neutral stress or 
pore water pressure. Weep holes are typically combined with reverse filler drains to form a 
total system for seepage control. 

Weir: A notch of regular form through which water flou's. A weir may he a depression or 
notch in the side of an outlet structure or a depression of specific shape in the embankment 
of a storinwater storage facility. Classified in accordance with the shape of the notch, there 
are rectangular weirs, V-notch weirs, trapezoidal weirs and parabolic weirs. 
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acceleration chutes, 7-5, 7-67 

Bends: artificial, 6-4, 6-13, 6-54, 6-55 
channels. 6-20. 7-hY bank protection key-in, 6-9 
culverts, 5-6 bends, 6-20.7-69 
forces involved, 7-70 concrete lined, 6-6, 6-32 
hydraulic structures, 7-69 critical flow, 6-16 
supercritical flow, 7-69 curvature, 6-20 

design checklist, 6-55.6-57. 6-58 
Bernoulli equation, 4-1 1 design issues, 6-5, 6-22 

design procedure. 6-13, 6-54 
Rox inlet drop struc~ure, 7-5 1 earth lined, 6-10 

encroachment. 6-26 
Bridge: example problem, 6-59 

debris, 5-81 fencing, 6-13 
freeboard, 5-8 I ireeboard, 6-21 
hydraulic analysis, 5-80 Froude number lirnits, 6-17, 6-35 
impact on uatel- surface elevation, 5-80 grade control, 6-19 
scour, 5-81 grass lined. 6- 10, 6-54 
sizing. 5-80 grouted rock, 6-48 
supercritical flow, 5-81 linings, 6-3 1 

-- P 
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Cl~annel (continued) 
low flow. 6-1 I ,  6-21, 8-10, 8-32 
inaintenance. 3-12, 6-13. 6-29, 8-32 
Manning's rougliness coefficient, 6-18, 

6-29, 6-64 
maximum velocity. 6-1 1, 6-12. 6-15 
miuimum velocity, 6-10 
minimum width for maintenance, 3-1 2 
natural, 6-23, 6-56, 6-57 
non-rigid, 6-23 
radius of curvature, 6-20 
rigid, 6-18 
riprap lined, 6-7, 6-38, 6-43 
route considerations, 6-5, 6-18 
rock lined, 6-7> 6-43, 6-48 
safety, 6- 13 
sediment wansport checklist. 5-58 
side slope, 6-15 
soil cement, 6-7. 6-31 
supercritical flow, 6-20, 6-21, 6-35 
superelevation. 6-20 
transitions. 7-5, 7-67 
types of channel lining, 6-6 
toe protection, 6-51 
u n ~ f o r ~ n  flow. 6-14, 6-65 
wire enclosed rock, 6-7, 6-49 

Check structures, 7-4, 7-5 1 

Clean Water Act, 6-2 

Coefficient: 
catch basin as an orifice. 3-23 
catch basin as a weir, 3-23 
culvert entrance loss, 5-32 
Manning's, 3-6. 4-5, 6-18, 6-27, 6-29, 

6-30, 6-35. 6-64 

Combination catch basin, 3-15, 3-24 

Concrete channel: 
lining, 6-6, 6-32 
underdrainage, 6-36 
maximum velocity, 6-15 
maximum side slope, 6-15 
reinforcement requirements, 6-35 
roughness coefficient, 6-35, 6-64 
shotcrete, 6-36 

Concrete outlet structul.es: 
haffle chute energy dissipator. 7-65 
impact stilling hasin, 7-59 
sloping concrete drop, 7-45 

Conduit outlet structures: 
haftie chute energy dissipator. 7-65 
impact s~illing basin, 7-59 
riprap protection, 7-52 
storm drain, 4-21 

Conveyance storage. 8-21 

Critical depth, 6-17, 6-66 

Culvert: 
alignment- 5-5 
anchorage. 5-1 1 
bends. 5-6 
beveled inlet, 5-15 
concrete outlet structures, 7-59 
depth for road crossing, 2-3,5-3 
design criteria, 5-3 
design examples. 5-53 
design procedures. 5- 18 
detention basin outlet. 5-27 
drop inlet, 5-27 
entrances, 5-15, 5-63 
entrance loss coefficients, 5-32 
flotation, 5-1 1 
headwall requirements, 5-17 
inlet control, 5-15, 5-18, 5-27 
inlets. 2-15. 5-63 
junctions, 5-9 
material, 5-3 
maximum velocity, 2-3, 5-3 
minimum cover, 5-3 
minimum velocity, 2-3, 5-3 
outlet control, 5-21, 5-27 
outlets, 5-18, 5-64 
outlet protection, 5-64,5-75, 7-5, 7-52, 

7-65 
performance curves. 5-27 
riprap as outlet protection, 5-75, 7-52 
roadway overtopping, 5-27, 5-29 
safety. 5- 11.5-65 
scour and sedimentation, 5-4.5-65 
side tapered inlet, 5- 15 
sizing, 5-3 
skew angle, 5-5 
slope tapered inlet, 5-15 
storage routing, 5-26 
trash rack, 5-10, 5-14 

Curb opening catch basin, 3-13, 3-17 
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I ~ a l l ~ :  
emergency spil!way, 8-15, 8-25 
geotechnical study, 8-25 
jurisdictional, 8-22 
non-jurisdictional, 8-22 
prirnary outlet, 8-26 
safely requiremenls, 8.22 
seepage, 8-26 

Depth: 
at culvert road crossing, 2-3, 5-3 
crilical, 6-17, 6-66 
detenlionlretention basins, 8-9, 8- 19. 8-21. 

8-29 
normal. 6-26. 6-65 

Design criteria: 
channel. 6-14 
culvert. 5-3 
gutters. 3-2 
intersections. 3-9 
pump stations, 9-2 
roadside ditches. 3-1 1 
streets. 3-2 

Design examples: 
channel, 6-59 
culvert* 5-53 
flood routing, 8-44 
riprap basins, 7-73 
scour hole cohesionless material, 5-72 
scour hole cohesive material, 5-73 

Drsign procedures: 
catch basins, 3-17 
channel, 6-13, 6-54 
culvert, 5-18 
inverted siphon, 5-79 
riprap apron for a culvert outlet, 5-75 
storun drain, 4-1 1 

Detentioniretention basin: 
conveyance storage. 8-21 
culvert as an outlet. 5-27 
dam safety requiremellts. 8-22 
definition of, 8-1,  8-2 
depth, 8-9, 8-19, 8-21. 8-29 
design frequency, 2-3. 8-5 
d r a i ~ ~  time, 8-9 
dry wells, 8-15 
fencing, 8-33 
e~nbankment design, 8-21. 8-22, 8-26 

emergency spillways. 8-15, 8-25 
energy dissipation, 8-17 
flood routing, 8-5, 8-3R 
lininglsurface treatment, 8-10 
limitations on use, 8-3 
maintenance, 8.30 
minimup. outlet pipe vizc, 8-12 
multiple use, 8-34 
off-site flows, 8-5 
parking lotstorage, 8-21 
permanent pools, 8-19 
pump station, 9-1 
regional facilities, 8-3 
roadway e~nbal~kment storage, 8-21 
safety, 8-27 
sedimentation, 8-7, 8-31, 8-36, 8-38 
side slopes, 8-9, 8-30 
signage requirements, 8-27, 8-33 
wash rilcks, 8-12 
special types of storage, 8-20 
underground storage, 8-20 
use of rooftops, 8-20 
volume calculations, 8-5 
water harvesting, 8-35 
water quality. 8-36 

Dip scctinn, 5-4 

Drop structures: 
baffle chute, 7-8. 7-27. 7-32,7-35. 7-65 
basic components of. 7-6 
box inlct. 7-51 
channel, 7-4 
check structures, 7-4, 7-51 
construction considerations, 7-27, 7--28. 

7-36, 7-4 1.7-45, 7-46 
design considerations, 7-8,7-10 
economic considerations, 7-27 
fencing, 7-70 
flow range for analysis, 7-14 
foundation and seepage control. 7-25 
general, 7-6 
height, 7-38, 7-42,7-70 
hydraulic analysis, 7-10, 7-32,7-38, 7-42, 

7-46 
hydraulic jump, 7- 16 
loose riprap, 7-8 
low flow check structure, 7-8,7-51 
maintenance, 7-8, 7-71 
ran:? of analysis, 7-14 
safety. 7-38, 7-42, 7-70 
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Drop structures (continued) 
seepage and upliit iorccs, 7-24 
selection of, 7-25 
signage, 7-70 
sloping concrete, 7 -Y,7-45 
specific force, 7-11 
St. Anthony Falls. 7-46 
types of. 7-8 
USBR basin 1.7-49 
USBR basin 11, I n ,  IW, 7-46 
USBR basin V, 7-51 
USBR basin VI, 7-59 
verticaI hard basin, 7-8,7-36 
vertical riprap basin, 7-8, 7-41 
water surface profile analysis, 7- 11 

Dry driving lane, 2-3 

Dry wells, 8-15 

Ealih: 
channel lining, 6-If1 
maximum channel velocity. 6-1 1, 6-15 
rnz~uimurn channel side slope. 6- 15 

Effic~ency: 
curb opening catch basin, 3-18 
prated catch basin, 3-22 

Embankment design, 8-22, 8-26 

Embankment storage, 8-21 

Encroachment. 
street or pavement, 3-3 
into a tloodplais~, 6-26 

Equation: 
Bernoulli, 4-1 1 
Manning's, 3-6, 4-13, 6-16 
spillway discharge, 8-43 
\~oIume oiretention required, 8-5 

Example problems: 
channel, 6-59 
culvert, 5-53 
flood routing, 8-44 
riprap basins. 7-73 
scour hole cohesionless material, 5-72 

scour hole cohesive material, 5-73 

IFactors oisafety: 
hydraulic st]-uctures, 7-6 

Federal Highway Administration: 
'I-IDS-I, 5-80 
ADS-5, 5-2, 5-15, 5-27, 5-53 
HEC-1 I,  6-13 
HEC-12, 3-17 
HEC-14,5-64.5.65.5-70.7-46, 7-51, 

7-52 
HEC-18, 5-82 
HY7,5-80 
HY8. 5-29 
WSPRO, 5-80 

FEMA. 2-3, 6-4, 6-26 

Fenclng: 
channel. 6-13 
drop structure. 7-70 
in or near bas~ns, 8-33 

Filter blanket, 6-40 

Filter fabric, 6-4 1 

Finish floor, 2-3 

Flap gate. 5-14 

Floodplain: 
analysis of natural channels, 6-24 
develop~ne~it in, 6-31 
encroach~nenl, 6-26 
regulation, 2-3> 6-4, 6-26 

Flood routing, 8-5. 8-38 

Flotation, 5-1 1 

404 permit, 6-2 

Freeboard: 
bridge, 5-8 1 
channel, 6-11 

Frontal flow interception, 3-22 
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Gabi;ln: 
'see wire enclossd rock) 

Gradation. 5-09 

Grade control; h- 19 

Grass: 
channel li!li~~g. 6.-10, 6-51 
inaximur~l ~ . ! iancl  velocity h-!2. 6- I: 
~naxintu~n cholln~.: sidc sli?pe. 6-15 

Grntcd catcl~ basin, 3-15, 3-20 

Grouted rock, 6-45 
(also see rock) 

Ciurtel-: 
;~llo?vable capacity, ? - I  I 
des~gn cri~eria, 3-2 
seduclio~l I??-tors, 3-i,, 3-2 
theo~etic:ll i;lpacily, 3-6 
;ransition or end ~ection.  3.') 

HUS-I (FHWA), 5-80 

HDS-5 (FHWA), 5-2.5-:5,5-27. 5-53 

1:y draulic jump: 
height, 7-16 
length, 7-17 
location, 7-17 
surface profile, 7-17 
undular jump. 7.17 

Hydrology: 
design criteria, 2-2, 2-3 
ilood routing, 8-38 
HEC-I program, 2-1, 8-40 
1)miriage Design ~Mrinr<ol, 2-1. 2-2, 8-5, 

8-41 
rational method, 2-1. 4-2 I 

Impact stilling basin. 7-59 

Inlet control, 5-18, 5-27 

Inlet spacing, 3-16 

Intersection: 
design criteria, 3-9 
special considerations. 3-1 1 
theoretical capacity. 3-9 
typical illustratii~n. 3-10 

Interception of frontal flow, 3-22 

Inverted siphon, 5-79 

Headwa!l re.quircrnenls for s culvert, 5-17 

:IEC- I (USACE;. 2.1, 8-40 

IIEC-2 (USACE), 5-29, 5-90, 6-27 

HEC-6 (IISACE), 8-8 

HEC-I 1 (FHW.41, 6-43 Jurisdictional d a n ,  2-22 

HEC-I2 (FHWA), 3-17 

HEC-I4 (FIIWA). 5-64, 5-65, 5-70, 7-46. 
7-5 1. 7-52 !.andscape maintcnencz, 8-32 
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t.ane's weighted c:rccp, 7-24 

L.ongitudinal meet ilow criteriz. 3.3 

Low ilow channel, 6-I!, 6-21, h-10. 8-32 

Low flow check structure. 7-51 

Manhole: 
location, 4-1 8. 1-20 
loss, 4- 16 
pressure; 4-20 
shaping, 4-6 
spacing, 4-1 8 

Maontng's formula: 
i,hnnnel, 6-16 
cioaed conduits, 4-13 
street. 3-6 

Manning's roughness coefficient: 
channel, 6-18. 6-29, 6-64 
composite rnugliness, 6-27 
storm drain, 4-5 
street, 3-6 
urban adjustment, 6-29 

Maintenance: 
channel, 3-12. 6-13, 6-29 
detentionlretention basin. 8-30 
drop smcture, 7-8, 7-71 
fences, 8-33 
hydraulic structure. 7-71 
irrigation systerrl, 8-33 
1and:;cape. 8-32 
low f l o ~  channel, 8-32 
roaJslJe ditch. 3-12 
signage, 8-33 
stcrln drain, 4-18 
walls, 8-33 

Master drainage planning, 2-2, 6-26 

Natural channel 
analysis of (general), 6-24. 6-56 
hackw~lter analysis, 6-27 

composite roughness. 6-27 
design checklist, 6-57 
tnaintenance, 6-29 
normal depth analysis, 6-26 
requirements. 6-25 

h'orrnal depth. 6-14, 6-26, 6-65 

Open cliannel: 
(see channel) 

Orifice coefficient for 3 catch basin, 3-23 

Outlet: 
control. 5-21, 5-27 
for a dun .  6-26 
protection, 5-75, 7-5,7-52, 7-65 
for a detent~onlretention facility, 8-10 
structure for a storm dra~n. 4-21 

Palking lot storage, 8-21 

Permanent pools. 8- 19 

Planning: 
drainage, 2-2, 6-26 

Pollulants. 8-36 

Pump station, 9-1 

Rational method, 2- 1, 4-21 

Reduction factors for catch basins, 3-17. 3-26 

Retention (see detention) 

Riprap: 
chzlnnel lining, 6-6, 6-7. 6-38 
conduit outlet protection, 5-75, 7-52 
durohility, 6-38 
filtcr blanket, 6-40 
filter iabric, 6-4 1 
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v:!dation; 6-39, 6-40, 6-42 
:ravel bedding, 6-42 
r.i;iximum channel velocity, 6-15 
inaxilriurn channel side slope, 6-15 
quality. 6-38 
shape, 6-?9 
sizing for use as a cha~inel lining. 6-43 
specific gmvit) . 6-38 
,stilling hasin, 7-52 
thickness, 6-40, 6-43; 6-45 

Roadside ditches. 3- l I 

Roadway ovenopping curves, 5-27, 5-29 

Rock: 
channel lining, 6-7, 6-15, 6-43, 6-48 
gr!~uted, 6-48 
wire irnclosed (gabion), 6-7. 6-49 

Rooft<~n storage, 8-20 

Rural crown dltch, 3-12 

Safety: 
at entrances and outlels, 5-65 
channel, 3-  12. 6-1 .3 
classification of hazard exposure. 5- 13 
culvert, 5-1 1, 5-65 
dam safety, 8-22 
detentionlretention basin, 8-27 
devices, 5-12 
height of drop structul.e, 7-38, 7-42, 7-70 
hydraulic structures; 7-70 
roadside ditch, 3-12 
signage requirements, 7-70, 8-27, 8-33 

St. Antliony Falls stilling basin, 7-46 

Scour: 
rumoring, 5-83 
bridge. 5-81 
clear water, 5-83 
culvert, 5-4, 5-65 
general, 5-82 
hole geometry, 5-65. 5-70 
live-bed, 5-8.3 
local, 5-83 
long term, 5-82 
time of, 5-70 

Section kcror. 6-18 

Sediment remov;l:. 8-3 1 

Sediment iranspoit: 
channel analysis checklist, 6-58 
delentionlretention basins. 8-7 

Seepage and uplift l'orccs, 7-24, 7-46,s-26 

Sequent depth, 7-1 6 

S ~ d e  slopes: 
channel, 6- I5 
detentlonlretent~on basins, 8-9, 8-30 

Sidc tapered ~nlet  for a culvert, 5- IS 

Signage: 
de~entioniretention basin, 8-27, 8-33 
drop structure, 7-70 

Simplified desipn procedure, 6-13; 6-54 

Slope tapered inlet for a culvert, 5-15 

Sloping concrete drop structure: 
construction considerations. 7-46 
hydraulic design (general), 7-46 
variations of, 7-45, 7-47; 7-48 

Slotted drain catch basin, ?-15, 3-24 

Soil cement: 
as conduit outlet protection, 7-52 
channel lining, 6-7, 6-3 1 
material, 6-3 1 
maximum channel velocity, 6-15 
maximuirl channel side slope, 6-15 

Specific energy: 
curvcs. 6-68 
formula, 6-17 

Specific force, 7-11 

Standard step method, 6-27, 6-67 

State dam safety requiremenls, 8-22 

Storage routing, 5-26 
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Storm drain: 
absolute roughness values, 4-5 
bend loss, 4-17, 4-1 8 
design storm. 2-3. 3-3 
friction loss, 4-13 
hydraulicienergy grade line, 4-3 
inlets. 4-20 
junction loss, 4-16 
manhole. 4-4, 4-16,4-18. 4-19 
manhole loss, 4-16,4-I7 
Manning's n values, 4-5 
materials, 4-4 
mari~num velocity, 4-2 
minimum pipe size, 4-4 
minimum velocity, 4-2 
minimum slope, 4-3 
outlet structures, 4-21 
rlilional method, 4-21 
sizi~ig. 4-4 
transition loss, 4-14 
trash racks, 4-21 
water surface pl.ofilc calculations. 4- 11 

Street: 
allowable capacity. 2-3, 3-1 1 
design criteria for intersections, 3-9 
design criteria for roadside ditches. 3- I I 
design frequency, 2-3, 3-2, 3-3 
gutter capacity, 3-6, 3-8 
longitudinal flow criteria, 3-3 
Manning's n; 3-6 
reductior~ factors, 3-6, 3-8 
roadside ditches, 3-1 1 
rural crown ditch, 3-12 
theoretical capncity, 3-6 
typical cross section, 3-4 
typical gutter configurations. 3-7 

Sump, 3-15, 3-18, 3-23, 3-24. 3-15 

Supercritlcal flow: 
acceleralion chutes, 7-67 
bends, 6-20,7-69 
bndgc, 5-81, 6-21, 6-35 
channel, 6-21, 6-35 

Superelevation. 6-20 

Toe protection for a channel, 6-51 

Trash rack: 
culvert. 5-1 0 
detenlionlretention basins, 8-12 
losses, 5-10 
storm drain, 4-21 
when required, 5-14, 8-12 

Underdrainage, 6-36 

Underground storage, 8-20 

Undular jump, 7-17 

Uniform flow, 6-14, 6-65 

Uniform Drainage Policiei and Standards. 
2-2 

U.S. Army Corps of Englnee1.s: 
EM-I1 10-2-1601, 6-43 
404 permit, 6-2 
HEC- I ; 2- 1, 8-40 
HEC-2,5-29, 5-80, 6-27 
HEC-IIAS, 5-29, 5-80, 6-27 

USBR basin I, 7-49 

USBR basins 11, Ill, I\', 7-46 

USBR basin \', 7-51 

USBR basin \'I, 7-59 

\'elocity: 
channel maximum. 6-1  I, 6-12. 6-15 
channel minimum, 6-10 
culvert maximurn, 2-3, 5-3 
culvert minimum, 2-3, 5-3 
inverted siphon minimum, 5-79 
storm drain maximum, 4-2 
storm drain minimum, 4-2 

\'clocity head, 6-16 

Vertical r~prap basin drops: 
construction considerations, 7-45 
hydraulic design (general) 7-42 
maximum drop height, 7-42. 7-70 



\'eri~cal hard basin drop: 
cottstrnction consideralions, 7-4 i 
Irydrdnlic design (genera!) 7 35 
~naxirnum drop heigl~i; 7-38, 7 70 

Wares harvesting. 8 35 

Wales qunlity. 8-36 

Weed control. 8-32 

Wcir coefficient for catch ba in ,  3-23 

Wire enclosed rock: 
chntlnel lining, 6-7, 6-49 
(,..' w g n  considerarions, 6-50 

ln~rximo~n channel velocity, 6-15 
maximum channel side slope. 6-15 
slope mattress lining, 6-50 

WFPRO (FHWA), 5-80 
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